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Watermelon rooting patterns, root dry weight, plant biomass, stomatal resistance, 
root-to-shoot ratio, fruit yield, and fruit quality were evaluated in field trials during 2008, 
2009 and 2010, using three irrigation regimes and three plant types.  Plant types included:  
‘Wrigley’ grafted on Cucurbita moschata x Cucurbita maxima cv. Chilsung Shintoza; 
‘Wrigley’ grafted on Lagenaria siceraria cv. Fr Strong; and ‘Wrigley’ not grafted.  The 
irrigation regimes were:  (1) No irrigation (NI) (30 minutes per day for fertigation only); 
(2) 50% and (3) 15% available water depletion (AWD) in the 0–30 cm soil profile 
triggered irrigation.  Each whole plot contained a Sentek TriSCAN EasyAg 50 
multisensor capacitance probe (MCP) for measuring soil volumetric moisture content 
(VMC).  On-site probe calibration showed MCP’s with factory calibration were 
sufficiently accurate and responsive for irrigation scheduling purposes.  A Motorola 
IRRInet Computerized Irrigation Controller received VMC input and triggered irrigation 
cycles.  Root cores were taken at approximately four, eight and twelve weeks after 
planting (WAP).  Core sites were located immediately next to the drip line (Core 1) and 
30 cm from the drip line (Core 2).  Root measurements were obtained with a WinRHIZO 
Pro 2009a, b system.  Across all sampling dates, root length density (RLD) was not 
influenced by irrigation treatment or plant type.  Grafted plants did not show a greater 
propensity to extend roots horizontally or vertically.  For all the treatments in each year, 
RLD was significantly greater in the top 30 cm of the soil profile and dropped 
dramatically below 30 cm.  Watermelon roots showed a tendency to grow near the drip 
line, particularly in sandy soils, but neither as early nor to the extent as reported with 
 iii 
other crops.  Fruit yield for all plant types was comparable to commercial yields in 
geographical proximity.  ‘Wrigley’ grafted on Chilsung Shintoza RS compared to other 
plant types showed firmer flesh in all years tested.  The 15% AWD treatment showed 
significantly higher yield, greater number of fruit and plant biomass when compared to 
the 50% AWD and NI treatments.  The MCP’s coupled with short duration irrigation 
cycles were found to facilitate triggering irrigation at pre-determined set points, reduce 
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EFFECTS OF IRRIGATION REGIMES ON GROWTH PARAMETERS, YIELD AND 








Research on cucurbit grafting began in the 1920s with the use of Cucurbita 
moschata as a root stock.  Much of the earliest research was conducted in Japan and 
Korea.  A major concern at that time was yield decline due to monoculture and the 
subsequent increase in soil borne diseases such as fusarium wilt (Lee and Oda, 2003).  
Rootstocks with resistance to fusarium wilt became the preferred rootstocks for 
watermelon grafting (Davis et al., 2008).   
Although grafted watermelons have been cultivated in Asia for decades (Lee and 
Oda, 2003), commercial interest in the United States has occurred only within the last 
decade.  Comparable to the earliest purpose of grafting in Korea and Japan, the current 
primary motive for using grafted plants is to avoid soil borne pests and pathogens.  
Grafting a susceptible scion onto a resistant rootstock provides a resistant plant without 
the need for a prolonged breeding program (Cohen, 2007).   
While the initial interest in grafting revolved around the rootstocks potential 
resistance to soil borne pathogens, the rationale for grafting has steadily expanded with 
the introduction of new rootstocks.  Specific rootstocks may provide attributes which aid 
in tolerance to abiotic stresses.  Ahn (1999) suggested that increased water absorption 
capacity of figleaf gourd root systems conferred cold root temperature protection to 
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cucumber scions.  Grafted plants on certain rootstocks may also provide improved scion 
flood tolerance (Liao and Lin, 1996).  Sakata et al., (2007) showed differences in 
rootstock abilities to withstand drought stress.  In Israel, grafted watermelons were more 
tolerant to irrigation with saline water than non-grafted plants (Cohen, 2007).  Pulgar et 
al. (2000), showed certain rootstocks had a high capacity for N uptake and transport to 
the scion, where N reduction and assimilation improved scion growth in grafted plants 
relative to control.   
Not only have rootstocks altered the grafted plants ability to tolerate abiotic 
stresses, they have also been shown to alter watermelon vigor, yield, size, and fruit 
quality.  Possibly because of the many rootstocks tested or the differences in 
environmental conditions, the differences in the above parameters have not been 
consistent.  Davis and Perkins-Veazie (2005) showed that grafting did not affect length, 
circumference, or diameter of fruit but did decrease fruit weight.  Lee (1994) stated that 
fruit size of watermelons grafted to vigorous rootstocks, is often significantly increased 
compared to fruit from intact plants.  He further suggested that many growers are 
practicing grafting mainly for this reason.  Miguel et al., (2004), using a squash inter-
specific hybrid rootstock demonstrated increased yield and increased fruit size. 
Nonetheless total fruit yield has not been consistently improved with grafted watermelons 
plants.  Yetisir and Sari (2003) found that scions grafted onto bottle gourd had 27-106% 
greater yields than control plants, but the Cucurbita sp. rootstock decreased yield by 127-
240%.  Such discrepancies point out the importance of optimizing rootstock/scion 
combinations for specific environments (Ruiz et al., 1997). 
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The measurement of fruit quality parameters in grafted watermelons has produced 
many conflicting reports.  Irregular fruit quality issues stated for watermelon include 
reduced soluble solids content, increased number of yellowish bands in the flesh, bland 
taste, poor texture and decreased firmness (Lee and Oda, 2003).  Positive effects of 
grafting have included increases in Brix, lycopene content and fruit firmness (Davis and 
Perkins-Veazie, 2005).  However Miguel (2004) found no difference in soluble solids 
between C. maxima x C. moschata hybrid rootstock and controls.  These results again 
highlight the need to select rootstock/scion combinations for specific climatic and 
geographical conditions.   
Many of the potential positive attributes associated with the use of rootstocks for 
watermelon production are related to the rootstock’s vigorous root system.  Lee (2003) 
states that many of the rootstocks have a much more vigorous root system and wider 
distribution in the soil compared to self-rooted seedlings.  Consequently, many grafted 
seedlings can absorb water and nutrients much more efficiently than self-rooted 
seedlings.  The objective of this research was to determine plant growth, fruit yield and 
quality responses for watermelon (Citrullus lanatus cv. ‘Wrigley’) grafted on two 
specific rootstocks (Lagenaria siceraria cv. Fr Strong and Cucurbita moschata x 













 Combinations of the triploid seedless watermelon variety ‘Wrigley’ with 
Lagenaria siceraria cv. Fr Strong and Cucurbita moschata x Cucurbita maxima cv. 
Chilsung Shintoza (inter-specific squash hybrid) were studied in this research.  All seeds 
were provided by Seminis Vegetable Seeds, Inc., St. Louis, MO.  All seeds were grown 
in a soilless mix, Metro-Mix 360 (Sungro Horticulture Canada Ltd., Bellevue, WA), 
consisting of the following:  35-45% Canadian sphagnum peat moss, vermiculite, 
composted bark, ash, dolomite lime and gypsum with no starter nutrients.  All seedlings 
were grown in 128 cell tapering plug trays (TLC Polyform, Inc., Morrow, GA) with the 
following cell dimensions:  3.0 cm square top; 1.5 cm square bottom; 5.0 cm depth.  
Upon grafting, plants were transferred to 50 cell tapering plug trays (TLC Polyform, Inc., 
Morrow, GA) with the following cell dimensions:  5.0 cm square top; 2.8 cm square 
bottom; 6.0 cm depth.  Following field transplanting, leftover grafted plants were 
transferred to 4 cell pack trays (cell dimensions 6.0 cm square tops, 4.5 cm square 
bottoms, 5.5 cm deep), and used for replanting as needed.   
 All plants were grown in a greenhouse at the Edisto Research and Education 
Center (EREC) in Blackville, SC, during the spring of 2008, 2009 and 2010.  Greenhouse 
environmental conditions were controlled by an EnviroSTEP computer control system 
(Wadsworth Control Systems, Inc., Arvada, CO).  Lower level set point for heating was 
15.5° C and upper set point for cooling was 24° C.  Heating was provided by two PV gas 
fired heating units (Modine Manufacturing Co., Racine, WI) and heated air circulated 
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with two 50.8 cm circulation fans (ACME Engineering and Manufacturing Corp., 
Muskogee, OK).  The greenhouse cooling system employed three 76.2 cm DCA exhaust 
fans (ACME Engineering and Manufacturing Corp., Muskogee, OK), and an evaporative 
cooling system (Aerotech A Munters Co., Mason, MI) with KÜÜL evaporative cooling 
pads (General Shelters of Texas, Center, TX).   
 Rootstock and scion seed were sown at different dates (Table 1.1) to ensure 
seedlings of uniform hypocotyl diameter at grafting.  Scion triploid seedless ‘Wrigley’ 
seeds were sown at approximately 1.0 cm depth in moist soilless mix and placed in a 
germ room maintained at 34⁰ C for 48 hours (Hassell and Schulthies, 2002).  Following 
48 hours in the germ room, ‘Wrigley’ trays were placed on wire mesh tables in the 
greenhouse.  Rootstock seed were sown in moist soilless mix at approximately 1.5 cm 
depth and placed on wire mesh tables in the greenhouse with no additional heat.  
Greenhouse irrigation was automated using a Sterling Series Controller (Superior 
Controls Co., Inc., Valencia, CA), and all seedlings were watered twice per day at 15 ml 
per irrigation using Dan Modular micro-sprinklers (Jain Irrigation Inc., Fresno, CA).  
Two days prior to field transplanting, grafted plants were moved to the field for 
hardening, placed on wire mesh tables, and watered twice per day at 15 ml per irrigation.  
At this time, all plants were fertilized with 1 tablespoon 20-20-20 Peters Professional 




 All grafted plants used in the research were tongue approach grafted as described 
by Cushman (2006).  The tongue approach graft, also known as the approach graft, is a  
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Table 1.1.  Grafting chronologies by year. 
 
 














'Wrigley' 3-Mar    
21-Apr 23-Apr 
Chilsung Shintoza 3-Mar 21-Mar 27-Mar 2-Apr 
Fr Strong 3-Mar 21-Mar 27-Mar 2-Apr 
Chilsung Shintoza 12-Mar 31-Mar 4-Apr 8-Apr 
Fr Strong 12-Mar 31-Mar 4-Apr 8-Apr 
Chilsung Shintoza 12-Mar 1-Apr 6-Apr 11-Apr 
Fr Strong 12-Mar 1-Apr 6-Apr 11-Apr 
'Wrigley' 12-Mar    
Chilsung Shintoza 19-Mar 3-Apr 9-Apr 15-Apr 
Fr Strong 18-Mar 3-Apr 9-Apr 15-Apr 
2009 
'Wrigley' 24-Feb    
14-Apr 15-Apr 
Chilsung Shintoza 24-Feb 12-Mar 18-Mar 25-Mar 
Fr Strong 24-Feb 12-Mar 18-Mar 25-Mar 
Chilsung Shintoza 26-Feb 13-Mar 19-Mar 25-Mar 
Fr Strong 26-Feb 13-Mar 19-Mar 25-Mar 
Chilsung Shintoza 4-Mar 16-Mar 26-Mar 30-Mar 
Fr Strong 4-Mar 16-Mar 26-Mar 30-Mar 
‘Wrigley' 4-Mar    
Chilsung Shintoza 4-Mar 17-Mar 27-Mar 31-Mar 
Fr Strong 4-Mar 17-Mar 27-Mar 31-Mar 
2010 
'Wrigley' 22-Feb    
12-Apr 15-Apr 
Chilsung Shintoza 24-Feb 8-Mar 15-Mar 18-Mar 
Fr Strong 24-Feb 11-Mar 16-Mar 19-Mar 
Chilsung Shintoza 3-Mar 12-Mar 18-Mar 22-Mar 
Chilsung Shintoza 3-Mar 15-Mar 22-Mar 26-Mar 
 'Wrigley' 1-Mar    
Fr Strong 3-Mar 16-Mar 22-Mar 25-Mar 
Fr Strong 3-Mar 17-Mar 24-Mar 26-Mar 
Chilsung Shintoza 8-Mar 18-Mar 25-Mar 29-Mar 
 7 
relatively easy grafting method and does not require a high humidity chamber for the 
healing process (Lee and Oda, 2003).  This method originated in the Netherlands 
(Ishibashi, 1965), and is now widespread across Europe and Japan (Lee and Oda, 2003).  
Although labor intensive, the approach graft is easy to use, has a high success rate and 
produces grafted seedlings with a uniform growth rate (Hassell et al, 2008).  A notable 
advantage of the approach graft is the complete control of sucker growth from the 
rootstock, as rootstock cotyledons and epicotyls are completely removed following the 
healing process (Lee, 1998). 
When performing the approach graft, it is important that both rootstock and scion 
seedlings are similar in size.  Rootstock and scion seedlings should have one or two true 
leaves (Cushman, 2006).  Using a razor blade, a downward angled slit (35⁰ to 45⁰ angle) 
halfway through the hypocotyl is made in the rootstock seedling.  An upward slit of 
similar dimensions is made in the scion hypocotyl.  The slits are matched so that they 
overlap and then wrapped with ribbons of aluminum foil or specialty materials available 
for this purpose (Cushman, 2006).  The joined rootstock and scion are then placed in a 
larger cell size than the one in which they grew, medium is added as needed, and trays 
are placed on tables in the greenhouse.  At approximately five days after grafting, the 
rootstock epicotyls and cotyledons are removed (Hassell et al., 2008).  The scion 
hypocotyls are removed just below the graft at seven to ten days after grafting (Davis et 






Research Field Description 
 
 This study was conducted at the Clemson University Edisto Research and 
Education Center (EREC) near the town of Blackville in 2008, 2009 and 2010.  EREC is 
in the southwestern part of South Carolina in Barnwell County and is considered part of 
the southeastern Coastal Plains of the United States.  The field is located at 33⁰ 21’ N 
latitude and 81⁰ 19’ W longitude and 93 m above mean sea level.  The soil in the test 
field in 2008 and 2009 was classified as Barnwell loamy sand with a 2 to 6% slope 
(DaB).  Natural Resources Conservation Service (USDA-NRCS, 2009) soil maps indicate 




) and a permanent 




) for the top 30 cm of soil.  Therefore, the 




).  Soil texture 
determinations showed sand prevailing to a depth of 20 cm, loamy sand and sand at 30 
cm, sandy loam at 40 cm and sandy clay at 50 cm.   
 The soil in the test field in 2010 was classified as Wagram sand.  Natural 









) for the top 30 cm of soil.  Therefore, the AWC 




).  Soil texture analysis showed sand to a depth of 50 
cm.  Each year at multiple probes, an in situ AWC as described by Starr and Paltineanu 
(1998) was determined.  These values were similar to the NRCS AWC values and the 
interpretive values based on soil texture analysis.   
Winter cover crops of Abruzzi rye (Secale cereal) and Crimson clover (Trifolium 
incarnatum) mix and summer cover crops of Sorghum X Sudan cross (Sorghum bicolor) 
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had been grown in the experimental area for two years prior to research.  Watermelons 
(Citrullus lanatus) were last planted in the experimental areas three years prior to the 
present research.  
 The winter cover crop of Abruzzi rye (Secale cereal) and Crimson clover 
(Trifolium incarnatum) mix, minus the in-between plot wind breaks, was plowed down 
each year in mid January.  At this time the field was tilled with a Terra-Max (WorkSaver 
Inc., Litchfield, IL) to a depth of 45-50 cm.  This procedure aided in breaking up soil 
compaction and removed hardpan layers.  During early March of each year, pre-plant 
fertilizer was applied according to soil test recommendations.  Soil test results indicated 
P2O5 was not needed in 2008 and 2009 but the sandy soils of 2010 did require P2O5.  Pre-
plant fertilizer during 2008 was applied on March 10 at the rate of 49 kg/ha (40 lbs/A) of 
N and K2O.  During 2009, pre-plant fertilizer was applied on March 9; 37 kg/ha (33 
lbs/A) of N and K2O.  Pre-plant fertilizer was applied March 1, 2010; 39.2 kg/ha (35 
lbs/A) of N, P2O5 and K2O.  Each year the pre-plant fertilizer was incorporated into the 
plant bed prior to the application of black polyethylene mulch film and drip irrigation 
tubing.   
 Black plastic mulch film (0.75 mil thick, 152.4 cm wide; Guardian AgroPlastics, 
Tampa, FL) and drip irrigation tubing (Aqua-Traxx
R
; Toro Ag Irrigation, El Cajon, CA) 
were laid concurrently each year approximately one week after pre-plant fertilizer 
application and thirty days prior to transplanting.  The width of the raised beds covered 
by plastic mulch was approximately 0.76 m.  The drip tape emitter spacing was 0.3 m and 
provided a flow rate at 10 psi of 0.3 gph/emitter and 0.5 gpm/30.5 m length.   
 10 
Cultural Practices 
 Plants were transplanted and watered in by hand each year.  Transplant dates for 
2008, 2009 and 2010 respectively were April 23, April 15 and April 15 (Table 1.1).  One 
week prior to transplanting, all plots received twice daily 1.86 mm/5,445 linear feet 
irrigation.  The irrigation was applied at 9:00 am and at 3:00 pm each day.  Following 
transplanting, a 30 minute fertigation cycle was added to the irrigation which increased 
the daily irrigation to approximately 4.48 mm/5,445 linear feet per day.  All plots 
received the same programmed irrigation until sensor based irrigation treatments were 
initiated.  Sensor-based irrigation treatments were initiated on May 9, April 30, and April 
29 in 2008, 2009 and 2010, respectively.  A small number of replants were needed each 
year (Table 1.2).  Fertigation began the day of transplanting.  The amount of nutrients 
delivered through fertigation was small initially, gradually increased through the growing 
season and reached a maximum during fruit swell (Table 1.3).  All plots received the 
same amount of nutrients with a programmed fertigation cycle.  Plots were sprayed with 
fungicides, insecticides and herbicides as recommended (Keinath and Miller, 2010; 
Kemble, 2010).  Pesticide applications were timed so that there was minimal effect on 
pollinators.  In all years, a grouping of 10 honeybee hives was maintained 300–500 ft. 
northeast of the test plots.   
 
Experimental Design   
 
 The experimental area each year was 122 m long and 107 m wide.  The 
experimental design was a split plot with irrigation as the main plot factor and plant type 
as the split plot factor (Table 1.4).  The experimental area was divided into four sections  
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Table 1.2.  Replant dates for plant types and number of plants replanted by date. 
 
 
Table 1.3.  Fertigation schedule by year with application by growth stage. 
 
2008 
Date Growth Stage Rate:  N & K (lb/A/day) 
23-Apr Transplant 0.5 lb 
30-Apr Vining1 1.0 lb 
19-May Flowering2 1.5 lb 
2-Jun Fruit swell3 2.0 lb 
2009 
15-Apr Transplant 0.5 lb 
27-Apr Vining 1.0 lb 
14-May Flowering 1.5 lb 
2-Jun Fruit swell 2.0 lb 
2010 
15-Apr Transplant 0.5 lb 
29-Apr Vining 1.0 lb 
17-May Flowering 1.5 lb 
1-Jun Fruit swell 2.0 lb 
Vining1—> 50% of plants having a vine of 15 cm in length; Flowering2—> 50% of 
plants having female blooms; Fruit swell3—> 50% of plants having some fruit 
approximately 3 cm in length. 
2008 
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Fr Strong 1 2 1 0 
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Table 1.4.  Irrigation treatments and plant types.   
 
IRRIGATION TREATMENT— 
Main Plot Factor 
PLANT TYPE—Split Plot Factor 
1 
No irrigation triggers (30 min / day 
for fertigation). 
A 




50% Available Water depletion in 
top 30 cm soil will trigger 
irrigation 
B ‘Wrigley’ on FR Strong—
Lagenaria rootstock 
3 
15% Available Water depletion in 







or replicates, each further divided into three main plots.  The main plots were subdivided 
into three split plots (Figure 1.1).  The plant type treatments were randomly assigned to 
each split plot and replicated four times.  The three plant types (Seminis Vegetable Seeds, 
Oxnard, CA) included in the research were: the triploid cultivar ‘Wrigley’ non-grafted; 
‘Wrigley’ grafted on the rootstock FR Strong (Lagenaria spp); and ‘Wrigley’ grafted on 
Chilsung Shintoza (Curcubita moschata x Cucurbita maxima). 
Experimental plots consisted of two raised bed rows spaced 2.44 m center-to-
center and covered with black plastic mulch.  Each split plot contained five plants for 
yield and fruit quality analysis (spaced 0.91 m apart (2.23 m
2
/plant).  Also contained in 
the split plots were plants designated for destructive harvest at four, eight and twelve 
weeks after planting (WAP).  Ample distance was allowed between designated treatment 
plants to prevent root intrusion from other plants.  The four, eight and twelve week 
treatment plants were respectively 1.8, 2.7 and 5.5 m distance from adjoining plants at the  
 
 13 
time of sampling (Figure 1.1).  Measurements on each WAP date included: wet and dry 





Three irrigation treatments were tested.  Treatment 1, a check treatment termed 
“No Irrigation” (NI) was minimally irrigated for fertigation purposes and early season 
plant establishment, approximately 101 mm/5,445 linear feet each year.  Treatments 2 
(50% AWD) and 3 (15% AWD) were based on 50% and 15% depletion levels of 
available water capacity (AWC), respectively, as lower irrigation trigger set points (Table 
1.4).  All plots received the same amount of nutrients via fertigation and pre-plant 
application.  In the top 0.30 m of the Barnwell loamy sand (2008, 2009), mean 
volumetric water content at field capacity (FC) and permanent wilting point (PWP) were 
17.4 and 6.1%, respectively, with the AWC equal to 11.3%.  The volumetric water 
contents at which irrigation was triggered for the 15% and 50% depletion levels were 
thus 15.6% and 11.7%.  Mean FC and PWP in the top 0.30 m of the Wagram sand (2010) 
were determined to be 10.7% and 4.5%.  The AWC was 6.2%.  The set point for 15% 
depletion was 9.77% VMC and for 50% depletion was 7.6% VMC.    
When a given set point was detected, a short duration irrigation cycle (60 min., 
2008 and 30 min., 2009, 2010) was initiated, followed by an hour wait period.  If the 
volumetric water content had not exceeded the upper set points after the wait period, then 
another short duration irrigation cycle was initiated.  The upper set point for the 15% 
AWD was selected at a level mid-way between field capacity (17.4%) and irrigation  
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4 WK Plant 
 
12 WK Plant Pollenizer 
  
8 WK Plant 
 
Data Plant Pollenizer 
Data Plant Pollenizer 
Data Plant Pollenizer 
Data Plant Pollenizer 
Data Plant Pollenizer 
  
 
Figure 1.1.  Each of the thirty-six split plots was planted as demonstrated in this figure.  
Three split plots composed one main plot.  Each split plot consisted of two rows spaced 
2.44 m (8 ft) on center.  The top of the row bed was .76 m (30 in).  The bare ground 
width between rows was 1.7 m (66 in).  A buffer of at least 7.6 m (25 ft) was established 
on both ends of the plot.  All data plants and pollenizers were planted .9 m (3 ft) apart. 
 
 
trigger set point (15.6%), i.e., at 16.5% VMC  in 2008, 2009.  Upper set point in 2010 for 
15% AWD was 10.3% VMC.  The goal of having the upper set point for the 15% AWD 
was to maintain VMC close to field capacity without exceeding.  The upper set points for 
50% AWD were 12.5% in 2008, 2009 and 8.3% in 2010.  The goal of having the upper 














the upper set points were reached, the ongoing irrigation cycle was allowed to finish but 
no subsequent irrigation was triggered until lower set points were reached.   
Each whole plot contained a Sentek TriSCAN EasyAg 50 soil water capacitance 
probe which was integrated within an automated drip irrigation system (EarthTec 
Solutions LLC, Vineland, NJ, USA).  The capacitance probes were located adjacent to 
the drip irrigation line, between the 30 cm drip tape emitters.  Volumetric moisture 
content (VMC) was recorded at 15 min intervals at 10, 20, 30, 40 and 50 cm depths and 
downloaded wirelessly to the internet for numerical and graphical analysis 
(Adviroguard
TM
 Software).  The irrigation controller used the top three probe readings 
(i.e., 10, 20 and 30 cm depths) in each of the four whole plots per irrigation treatment to 
calculate the mean water content in the root zone.  Consequently every 15 minutes the 
value of twelve data points determined the root zone VMC.  Readings from the lower 
depths (40 and 50 cm) were used to detect water movement below the root zone.  A 
Motorola IRRInet Computerized Irrigation Controller (Motorola Inc., Schaumburg, IL, 
USA) was used to automate irrigation.  This system, coupled with Virtual Network 




 An onsite weather station located 25 m from the experimental plots (EarthTec 
Solutions, Vineland, NJ) provided daily air temperature, solar radiation, relative 
humidity, wind speed and direction, and precipitation data.  In addition, a National 
Oceanic and Atmospheric Administration (NOAA) Climatic Station was located 200 m 
from the experimental area and provided similar weather data.  Daily reference ET (Eto) 
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was calculated and also posted online using the Penman-Monteith reference Eto model 
(Allen et al., 1998).  Weather data recorded from the onsite weather station were used to 
determine the total season growing degree days (SGDD) for each year and to determine 
the GDD for separate growth stages.  Watermelon growth is considered to be negligible 
below the base temperature of 55⁰F (Maynard and Hochmuth, 2007).  Growing degree 
days were calculated as shown in equation 1.1.  
 




 Stomatal resistance measurements in seconds per meter (s/m) were recorded 
during 2009 and 2010.  Recordings began each year when vines were at least 15 cm in 
length and ended at or near final harvest.  Recordings in 2009 began on April 27, 2009, 
and ended on July 14, 2009.  2010 recordings began on May 27 and ended on June 29, 
2010.  Stomatal resistance was measured using a portable hand held leaf porometer 
(Decagon Devices, Leaf Porometer System 40419, Pullman, WA).  Measurements were 
made on the most recent fully expanded leaves using four replicates per treatment.  All 
measurements were made between 1200 and 1400 HR on clear sky days 
(photosynthetically active radiation mean approximately 936.06 w/m²).   
 
Shoot Biomass at 4, 8, 12 WAP 
 
 The designated plant in each plot (Figure 1.1) was harvested for shoot biomass 
and root core measurements at approximately 4, 8, and 12 WAP each year.  These WAP 
sampling dates were used in earlier watermelon root distribution research (NeSmith, 
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1999) and provided a wide array of shoot biomass and root distribution including early, 
mid and late season growth stages.  Plants were severed at ground level, and fresh shoot 
weight was measured in the field.  The 4 WAP and 8 WAP plants were placed in paper 
bags in preparation for oven drying (Figure 1.2).  The larger 12 WAP were placed in 
burlap bags in preparation for oven drying (Figure 1.3).  All plants were dried in large 
ovens at EREC.  Because maximum oven temperatures (53o C (127o F)) were lower than 
preferred, drying time was extended and plants were turned daily.  When plants were 
observed to be desiccated, representative samples were weighed to determine if constant 
mass had been reached.  The 4 WAP plants were dried for three days, 8 WAP for seven 
days and the 12 WAP for fourteen days.  After drying, the dry shoot weight of all plants 
was determined.  All data were subjected to analysis of variance by PROC MIXED and 







Figure 1.2.  Four weeks after planting 
(WAP). 
  








Watermelon Fruit Yield and Fruit Quality 
 
 Ripe watermelons were harvested based on several indicators of maturity, 
including browning of the first tendril located next to the fruit, yellow color on the 
underside of the fruit in contact with ground, and a general loss of rind gloss.  All fruit 
were weighed separately, and the number of fruit per plot was recorded for all harvest 
dates.   
 During 2008, four harvests were conducted on the following dates:  June 27, July 
2, July 8, and July 16.  Harvest dates for 2009 were June 29, July 6, and July 13.  Three 
harvests were conducted during 2010 at June 23, June 28, and July 5.  A subsample of 
five fruit from each of the thirty-six plots was randomly selected at each harvest for fruit 
quality measurements.  Each of the selected fruit was cut from blossom end, to stem end 
and the length and width (cm) of the fruit was determined.  The flesh firmness (kg/cm²) 
was determined with a penetrometer (Model FT 011, QA Supplies, Norfolk, Virginia) 
and pentrometer tip of 11 mm in diameter.  Firmness readings were taken at the blossom 
end, stem end and heart tissue.  The mean value of all three readings was determined and 
subjected to analysis.  Fruit flesh was extracted from the central endocarp, and soluble 
solids (⁰Brix) of the juice were determined with an Atago PAL-1 Digital Refractometer 
(QA Supplies, Norfolk, VA).  The number of black seeds visible on the surface of each 
watermelon half was counted and recorded.  Hollow heart incidence was measured by 
determining the aggregate of the length x width (cm²) of endocarp separation.  All data 







 The three growing seasons did not differ greatly in growing degree days (GDD) 
and total daily reference ET (ETo) (Table 1.5).  The amount of rainfall each year was 
markedly different, and consequently the irrigation applied differed among years (Table 




 The main effects and interactions for stomatal resistance and leaf temperature are 
shown in Table 1.7.  In no year were there significant differences in leaf temperature (32 
± 2 ⁰C).  In 2009, differences in stomatal resistance among plant types were slight (P = 
0.0974).  Differences in stomatal resistance in 2010 differed significantly among plant 
types (P = 0.0002) Chilsung Shintoza RS measured the greatest resistance, followed by 
FR Strong RS, and the non-grafted ‘Wrigley’ showed the lowest stomatal resistance 
(Figure 1.4).  Chilsung Shintoza RS showed a slight reduction in stomatal aperture in 
2009 and a significant reduction in 2010. There was no interaction between stomatal 
resistance and irrigation treatment in either year (Table 1.7). 
 
Shoot Dry Weight 
 
 The effect of plant type on shoot dry weight (SW) was significant at 29 and 56 
DAP in 2008 and at 56 DAP in 2009 (Table 1.8), although the nature of this effect 
differed between years.  Non-grafted ‘Wrigley’ had greater plant growth (SW) at 29 DAP 
and 56 DAP in 2008 than ‘Wrigley’ grafted on Chilsung Shintoza and FR Strong  
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Table 1.5.  Yearly environmental conditions. 
 
 Year 
  2008 2009 2010 
Season length (Days) 85 90 82 
Eto total (mm) 434.6 419.4 402.3 
Rainfall total (mm) 211 498.3 337.1 







Table 1.6.  Irrigation triggers and season water application. 
 
Events Year Irrigation Treatments 
  2008 15% AWD 50% AWD NI 
# Triggers  88 @ 60 min/cycle 31 @ 60 min/cycle 0 
Water by Triggers
1 
 134.46 mm 47.37 mm 0 
Season Total
1 
  297.18 mm 189.0 mm 118.87 mm 
  2009 15% AWD 50% AWD NO IRR 
# Triggers  61 @ 30 min/cycle 0 0 
Water by Triggers
1 
 46.6 mm 0 0 
Season Total
1 
  140.46 mm 94.0 mm 94.0 mm 
  2010 15% AWD 50% AWD NO IRR 
# Triggers  136 @ 30 min/cycle 29 @ 30 min/cycle 0 
Water by Triggers
1 
 103.9 mm 22.16 mm 0 
Season Total
1 
  198.12 mm 117.35 mm 91.87 mm 
 












Table 1.7.  P values of main effects and interaction of plant type (TYPE) and irrigation 
method (IRR) for stomatal resistance (s/m) during 2009 and 2010. 
 
 P value 
 Resistance (s/m) Temperature (Co) 
Effect 2009 2010 2009 2010 
TYPE 0.0974 0.0002 0.9565 0.965 
IRR 0.3642 0.2006 0.8515 0.859 





Table 1.8.  Mean shoot dry weight (SW) by plant type at 29 and 56 days after planting 
(DAP) in 2008 and at 56 DAP in 2009.  Within SW means column superscript letters 
indicate significant difference (P<0.05). 
 
2008 2009 


































































Figure 1.4.  Mean stomatal resistances (s/m), ± 1 SE. – Chilsung Shintoza RS;   - FR 




rootstocks.  ‘Wrigley’ grafted on Chilsung Shintoza rootstock had  greater plant growth 
(SW) than non-grafted ‘Wrigley’ and ‘Wrigley’ grafted on FR Strong rootstock at 56 
DAP in 2009.   
 Irrigation had a significant effect on plant growth (SW) at 56 and 83 DAP in 2008 
and at 57 DAP in 2010 (Table 1.9).  At 56 DAP in 2008, the 15% AWD treatment 
showed 34% greater plant growth (SW) than 50% AWD and NI treatments.  Similar 
differences were apparent at 83 DAP in 2008 and 57 DAP in 2010. 
 When sampling dates were pooled by year, irrigation had a significant effect on 
SW only in 2008 (Table 1.10 and Figure 1.5).  The 15% AWD treatment had a greater 








Table 1.9.  Mean shoot dry weight (SW) by irrigation method (IRR) at 29 and 56 days 
after planting (DAP) in 2008 and at 56 DAP in 2009.  Within SW means column letters 
indicate significant difference (P<0.05).   
 
2008 2010 












 15% AWD 2421.05
a





 50% AWD 1938.02
ab




















Table 1.10.  P values of main effects and interaction of plant type (TYPE) and irrigation 
method (IRR) for shoot dry weight (SW) of drip irrigated watermelons for sampling dates 
pooled during 2008, 2009 and 2010. 
 
 P value 
 Year 
Effect 2008 2009 2010 
TYPE 0.6663 0.9798 0.9255 
IRR 0.0013 0.1462 0.4341 








Figure 1.5.  Shoot dry weight
z
 (SW) in gm for sampling dates pooled in 2008.      – No 
Irrigation (NI);   --50% AWD;    --15% AWD.  
z
LSD at P = 0.05for comparison of SW 
by irrigation treatment:  550.17. 
 
Watermelon Fruit Yield and Quality 
 There were no significant differences in yield among plant types in 2009 and 
2010 (Table 1.11).  Plant type yields differed on the first and second 2008 harvest dates 
(P=0.0086) (P=0.0642).  The non-grafted ‘Wrigley’ produced greater yields on first and 
second harvests.  Though not significant, the grafted types were slightly higher in yield 
the later harvest dates (Figure 1.6).  
 The number of fruit per plot differed among plant type on June 27, 2008; July 6, 
2009; and July 5, 2010.  ‘Wrigley’ non-grafted had the greater fruit number on June 27, 
2008, and July 5, 2010.  Chilsung Shintoza RS measured the greatest fruit number on 
July 6, 2009 (Figure 1.7).   
 The average fruit weight differed among plant types (P = 0.0434) only on the July 





















Table 1.11.  P values of main effects and interaction of plant type (TYPE) and irrigation 
method (IRR) for dependant fruit yield and quality variables of watermelons for harvest 
dates during 2008, 2009 and 2010. 
 
2008 - P values for dependent variables by harvest date 
Date Effect Yield Fruit No. Fruit size TSS% Firmness Length Width 
27-Jun 
IRR 0.1598 0.3098 0.0743 0.11 0.6094 0.0555 0.014 
TYPE 0.0086 0.0031 0.3603 0.4461 0.01 0.0167 0.0743 
IRR*TYPE 0.0125 0.0279 0.13 0.0516 0.815 0.8831 0.4558 
2-Jul 
IRR 0.1181 0.5088 0.0066 0.0419 0.0814 0.0542 0.0049 
TYPE 0.0642 0.0911 0.0434 0.2744 0.148 0.225 0.0587 
IRR*TYPE 0.089 0.0828 0.3628 0.1347 0.8062 0.9078 0.2722 
8-Jul 
IRR 0.046 0.2146 0.0029 0.0421 0.4334 0.028 0.019 
TYPE 0.7738 0.7922 0.585 0.2586 0.0801 0.1896 0.4165 
IRR*TYPE 0.3551 0.2049 0.3472 0.7549 0.5011 0.3588 0.4853 
16-Jul 
IRR 0.0193 0.0276 0.0173 NS NS NS NS 
TYPE 0.7308 0.8882 0.2207 NS NS NS NS 
IRR*TYPE 0.2874 0.2614 0.6289 NS NS NS NS 
2009 - P values for dependent variables by harvest date 
Date Effect Yield Fruit No. Fruit size TSS% Firmness Length Width 
29-Jun 
IRR 0.1688 0.2413 0.752 0.3386 0.2159 0.3247 0.4443 
TYPE 0.6278 0.3173 0.1953 0.8541 0.0737 0.4134 0.2062 
IRR*TYPE 0.5093 0.3202 0.4644 0.4148 0.5621 0.0774 0.4673 
6-Jul 
IRR 0.9912 0.9511 0.9222 0.2406 NS 0.9882 0.8945 
TYPE 0.1537 0.0276 0.0794 0.0006 NS 0.7759 0.3588 
IRR*TYPE 0.7872 0.4906 0.2225 0.6373 NS 0.4356 0.6293 
13-Jul 
IRR 0.1392 0.1744 0.2612 0.8148 NS 0.1188 0.5216 
TYPE 0.9453 0.7391 0.0666 0.0986 NS 0.0746 0.0515 
IRR*TYPE 0.1271 0.2804 0.3842 0.3444 NS 0.3541 0.338 
2010 - P values for dependent variables by harvest date 
Date Effect Yield Fruit No. Fruit size TSS% Firmness. Length Width 
23-Jun 
IRR 0.0376 0.0312 0.5723 0.1897 0.0587 0.6336 0.4793 
TYPE 0.9497 0.7663 0.4215 0.0088 0.0034 0.9541 0.3798 
IRR*TYPE 0.4109 0.386 0.7059 0.6228 0.9941 0.2982 0.551 
28-Jun 
IRR 0.2119 0.1815 0.604 0.4253 0.8327 0.6655 0.9891 
TYPE 0.1573 0.2748 0.1054 0.0512 0.014 0.1241 0.2129 
IRR*TYPE 0.2481 0.3354 0.7256 0.6898 0.4216 0.8647 0.9911 
5-Jul 
IRR 0.1774 0.0937 0.9474 0.6459 NS 0.311 0.5318 
TYPE 0.0249 0.0071 0.9696 0.8347 NS 0.3869 0.4625 
IRR*TYPE 0.4736 0.2384 0.4012 0.5375 NS 0.6068 0.5268 
 




Figure 1.6.  Mean total weights (kg) by plant type, ± 1 SE by harvest date - 2008.      – 
Chilsung Shintoza RS (cs);      - FR Strong RS (FR);      - ‘Wrigley’ non-grafted (NG).  







        
         
         
         
         
         
         
         
         
         
         
         
         
 
Figure 1.7.  Mean numbers of fruit per plot by plant type, ± 1 SE by harvest date by year.     












2008  2009 2010 
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by ‘Wrigley’ non-grafted (6.64 kg) and FR Strong (5.89 kg).  There were also significant 
differences in flesh firmness on three harvest dates.  Chilsung Shintoza RS measured 
firmer flesh on the harvest dates of June 27, 2008, June 23, and June 28, 2010 (Figure 
1.8).  Soluble solids were significantly different on two harvest dates.  On both dates, 
July 6, 2009, and June 23, 2010, the FR Strong RS plant type showed the highest % total 
soluble solids (%TSS) (Figure 1.9).  The length of fruit was significantly different (P = 
0.0167) among plant types on one harvest date:  June 27, 2008.  Chilsung Shintoza RS 
fruit was slightly longer (27.0 cm) compared to FR Strong RS fruit (24.6 cm) and 
‘Wrigley’ non-grafted (25.3 cm).  There were no significant differences in fruit width on 
any harvest date.  Black seed counts and the incidence of hollow heart did not occur 
frequently enough for inclusion in the analysis (data not shown). 
 Irrigation had significant effects on dependent variables in 2008 and 2010 but 
none in the very wet 2009 (Table 1.11).  The last two harvests, July 8 and July 16, in 
2008 showed significant differences in yield by irrigation treatment.  The 50% AWD and 
15% AWD treatments produced significantly greater yield on both harvest dates (Figure 
1.10).  Fruit number by irrigation treatment was significantly different on two harvest 
dates, July 16, 2008, and June 23, 2010 (Figure 1.11).  On both dates, 15% AWD 
treatment had a higher fruit number than 50% AWD and NI treatments.  The NI treatment 
had the least number of fruit.  There were significant differences in average fruit weight 
by irrigation treatment during 2008 (Figure 1.12).  Irrigation treatment 15% AWD 
produced the heaviest average fruit weight on all three harvest dates.  The % total soluble 




Figure 1.8.  Mean flesh firmness by plant type, ± 1 SE by harvest date by year.     – 
Chilsung Shintoza RS;     - FR Strong RS;      - ‘Wrigley’ non-grafted.  Letters indicate 






Figure 1.9.  Mean % soluble solids by plant type, ± 1 SE by harvest date by year.     – 
Chilsung Shintoza RS;    - FR Strong RS;     - ‘Wrigley’ non-grafted.  Letters indicate 
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Figure 1.10.  Mean total weights (kg) by irrigation treatment, ± 1 SE by harvest dates.      
– No irrigation;    - 50% available water deficient (AWD);     - 15% AWD.  Letters 






Figure 1.11.  Mean numbers of fruit per plot by irrigation treatment, ± 1 SE by harvest 
date by year.      – No irrigation (NI);    - 50% available water deficient (AWD);    - 15% 























Figure 1.12.  Mean average weight (kg) of fruit by irrigation treatment, ± 1 SE by harvest 
date by year.      – No irrigation;     - 50% available water deficient (AWD);     - 15% 
AWD.  Letters indicate significant difference (P<0.05). 
 
 
July 8, 2008.  Fruit produced by NI treatment measured the greater % total soluble solids 
on both harvest dates while 15% AWD treatment fruit measured the least (Figure 1.13).  
Length of fruit was affected by irrigation treatments on one harvest date, July 8, 2008.  
The 15% AWD and 50% AWD treatments had similar mean fruit length at 26.7 and 25.9 
cm respectively.  The NI treatment fruit length was significantly shorter at 23.6 cm.  Fruit 
width by irrigation treatment measured significant differences on three harvest dates, 
June 27, 2008, July 2, 2008, and July 8, 2008 (Figure 1.14).  The 50% AWD treatment 
mean fruit width measured the greatest on June 27, while 15% AWD treatment had the 
widest fruit on July 2 and July 8.  The NI treatment fruit width measured the least on all 
three harvest dates.   
 During 2008, several fruit yield and quality variables showed significant 
differences among irrigation treatment (Tables 1.12 and 1.13).  The NI treatment  







Figure 1.13.  Mean % soluble solids by irrigation treatment, ± 1 SE by harvest date by 
year.     - No irrigation;     - 50% available water deficient (AWD);    - 15% AWD.  






Figure 1.14.  Mean fruit width by irrigation treatment, ± 1 SE by harvest date by year.     - 
No irrigation;     - 50% available water deficient (AWD);    - 15% AWD.  Letters indicate 

























Table 1.12.  P values of main effects and interaction of plant type (TYPE) and irrigation 
method (IRR) for dependant fruit yield and quality variables of watermelons for harvest 
dates pooled during 2008, 2009 and 2010. 
 
 2008 




Fruit size TSS% Firmness Length Width 
IRR 0.0033 0.0072 0.0024 0.0031 0.3466 0.0098 0.0023 
TYPE 0.4739 0.2055 0.1965 0.0633 0.0569 0.0672 0.0857 
IRR*TYPE 0.5607 0.6305 0.3681 0.0743 0.7759 0.6822 0.533 
        
 2009 




Fruit size TSS% Firmness Length Width 
IRR 0.6577 0.7023 0.898 0.2407 0.2159 0.4565 0.9281 
TYPE 0.237 0.0098 0.0305 0.0068 0.0737 0.0505 0.0206 
IRR*TYPE 0.398 0.4559 0.1174 0.2228 0.5621 0.1812 0.4277 
        
 2010 




Fruit size TSS% Firmness Length Width 
IRR 0.017 0.0091 0.6328 0.5871 0.1257 0.8659 0.8071 
TYPE 0.1051 0.1958 0.3689 0.0187 <.0001 0.3536 0.1973 





Table 1.13.  Fruit yield (kg/ha), fruit size (kg/fruit), number fruit (fruit/ha), total soluble 
solids (TSS%), flesh firmness (kg/cm²), fruit length (cm) and fruit width (cm) of 

































































Table 1.13.  Fruit yield (kg/ha), fruit size (kg/fruit), number fruit (fruit/ha), total soluble 
solids (TSS%), flesh firmness (kg/cm²), fruit length (cm) and fruit width (cm) of 













































































































 Means in each column followed by different letters are significantly different at P < 0.05. 
 
 
produced the lowest yield, 32% less than 50% AWD and 45% less yield than the 15% 
AWD treatment.  The NI treatment produced the smallest fruit size, as indicated by the 
lowest measurements for fruit width and length, but the NI treatment had the greatest % 
total soluble solids (TSS).  The 15% AWD treatment had the lowest %TSS.  The fruit 
yield, fruit size, fruit length and width were similar for the 15% AWD and 50% AWD 
treatments.  The 15% AWD treatment produced a significantly greater number of fruit.  
Flesh firmness was not affected by the irrigation treatments.   
 There were no significant differences in fruit yield and quality among irrigation 
treatments during the very wet 2009.  In 2010, the 15% AWD treatment produced 45% 
more fruit weight than the NI treatment and 40% more fruit weight than the 50% AWD 
treatment.  The 15% AWD treatment produced a significantly greater number of fruit 
than either of the other two irrigation treatments in 2010.  There were no irrigation related 
differences in other fruit quality variables in 2010. 
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 There were no significant differences in yield and fruit quality parameters among 
plant types in 2008 (P <0.05) although Chilsung Shintoza RS had slightly firmer flesh (P 
= 0.0569) than FR Strong RS or ‘Wrigley’ non-grafted (Table 1.14).  During the wet 
2009 year, several significant differences in fruit number and fruit quality among plant 
types were measured.  Chilsung Shintoza RS produced a significantly greater number of 
fruit than FR Strong RS or ‘Wrigley’ non-grafted but also had a significantly smaller fruit 
size.  Chilsung Shintoza RS average fruit weight, length and width were less than that 
measured in FR Strong RS or ‘Wrigley’ non-grafted.  FR Strong RS measured greater 
total soluble solids than the other two plant types.  Chilsung Shintoza RS had slightly 
firmer flesh (P = 0.0737) than the other two plant types.   
 Only % total soluble solids and flesh firmness were significantly different among 
plant types in 2010.  Chilsung Shintoza RS had significantly lower % total soluble solids 




Previous research has shown that specific rootstocks may provide attributes which 
aid in tolerance to abiotic stresses (Ahn, 1999; Liao and Lin, 1996; Sakata et al., 2007; 
Cohen, 2007; Pulgar et al., 2000).  Rootstocks have also been shown to alter watermelon 
vigor, yield, size, and fruit quality.  Chen et al., 2003 demonstrated that more-vigorous 
scions might have a higher rate of photosynthesis and a greater potential for partitioning 
assimilates to the rootstock.  Likewise it has been suggested that not only the rootstock 
but also the scion may affect the plants stomatal performance (Ahn et al., 1999; Yetisir et 
al., 2007; Rouphael et al., 2008).  The discrepancies in rootstock’s performance point out 
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the importance of reporting results for specific rootstock/scion combinations grown under 
specific climatic and geographical conditions. 
The objective of this research was to determine plant growth, fruit yield and 
quality responses for watermelon (Citrullus lanatus cv. ‘Wrigley’) grafted on two 
specific rootstocks (Lagenaria siceraria cv. Fr Strong and Cucurbita moschata x 
Cucurbita maxima cv. Chilsung Shintoza) under adequate and deficient soil moisture 
regimes. 
 
Stomatal Resistance  
 
 During the wet 2009 year, ‘Wrigley’ grafted on the commercial rootstock 
Cucurbita moschata x Cucurbita maxima cv. Chilsung Shintoza had slightly greater 
stomatal resistance than ‘Wrigley’ non-grafted and ‘Wrigley’ grafted on the rootstock 
Lagenaria siceraria cv. Fr Strong.  In the sandy soils of 2010, the differences in stomatal 
resistance were significantly greater, with Chilsung Shintoza again showing the higher 
stomatal resistance and the non-grafted ‘Wrigley’ showing the least stomatal resistance.  
Increased stomatal resistance can reduce the net assimilation of CO2 and the 
consequential reduction in photosynthesis and plant growth (Taiz and Zeiger, 2006).  The 
increased stomatal resistance observed with Chilsung Shintoza RS did not generate 
decreased shoot dry weight in either year stomatal resistance was measured.  Chilsung 
Shintoza RS showed a slight increase in shoot dry weight at the mid-season sampling 
date in 2009 and no differences in shoot dry weight were measured among plant types in 
2010.   
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Table 1.14.  Fruit yield (kg/ha), fruit size (kg/fruit), number fruit (fruit/ha), total soluble 
solids (TSS%), flesh firmness (kg/cm²), fruit length (cm) and fruit width (cm) of 
























































































































































 Means in each column followed by different letters are significantly different at P < 0.05. 
 
 
 The increased stomatal resistance we measured with Chilsung Shintoza RS was 
unlike measurements reported in previous research.  Rouphael et al., 2008, showed lower 
stomatal conductance (gs) (the reciprocal of stomatal resistance) in un-grafted than 
grafted plants under severe water stress.  The scion used in their research was the 
miniwatermelon cultivar Ingrid (Taki, Japan) and the hybrid squash was PS 1313 
(Cucurbita moshata Duchesne x Cucurbita maxima Duchesne; Petoseed Company, 
Parma, Italy).  Jifon et al., 2008, using scions ‘Summer Flavor 800’ and ‘Super Seedless 
7167’ grafted on hybrid squash (Cucurbita maxima x Cucurbita moschata—
‘Tetsukabuto’ and ‘RS1330’) also measured greater stomatal conductance in grafted 
watermelon plants than non-grafted plants.   
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 Several interacting factors influence stomatal resistance.  Photosynthetically 
active solar radiation (PAR), when plant water is not limited, opens stomata and reduces 
stomatal resistance.  The availability of CO2 affects stomatal resistance.  As plants use the 
intercellular supply of CO2, more is needed and stomatal resistance decreases.  The 
production, movement and concentration of abscisic acid (ABA) in relationship to soil 
water conditions and leaf water potential (Ψleaf) influence stomatal resistance.  It has been 
hypothesized that under stressful conditions, some signals originating from the roots of 
grafted plants (i.e., ABA and cytokinins) up-regulate the activities of ROS-scavenging 
enzymes and aid in protecting leaf photosynthesis (Etehadnia et al., 2008; Martínez-
Ballesta et al., 2010).  An increased ABA concentration in xylem sap could induce 
closure of stomata and enhancement of the antioxidant system (Martínez-Ballesta et al., 
2010).  The more robust and vigorous root system attributed to some grafted plants has 
received the most attention in regards to the affects grafting might have on stomatal 
resistance.    
 Several species used as rootstocks for watermelon have been reported to increase 
plant growth and enhance water transport and plant nutrition (Lee, 1994; Oda, 1995; 
Yetisir and Sari, 2003).  Rootstocks with more robust root systems could improve the 
capacity for water uptake and consequently reduce stomatal resistance.  Although some 
rootstock species may have larger and more effective root systems, it is known that scion 
interactions can also influence stomatal performance (Ahn et al., 1999).  More vigorous 
scions may lead to a greater partitioning of assimilates to the rootstock and a 
consequentially larger root system (Chen et al., 2003).  It is possible that the scion, 
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“Wrigley” used in this research is not as vigorous as scions used in previous research and 
did not provide as great a partitioning of assimilates to the rootstock.    
 The influence of the graft union on water transport to the aerial parts has received 
special emphasis.  Insufficient connection of vascular bundles between the scion and 
rootstock could greatly reduce water flow and negatively impact leaf water potential 
(Ψleaf) resulting in increased stomatal resistance.  However, root hydraulic conductance 
(Lo) measurements made above and below the graft union indicated that the graft union 
may not be a barrier to water passage for compatible rootstock-scion union (Fernández-
García et al., 2004).  Grafting incompatibility usually occurs early when vascular 
connections are forming but it can appear later when the plant has a high demand for 
water and nutrients (Martínez-Ballesta et al., 2010).   
 
Shoot Dry Weight 
 
 Most reports indicate that grafted plants produce more biomass than self-rooted 
(Yetisir and Sari, 2004).  We found no significant differences in shoot dry weight (SW) 
among plant types when sampling dates were pooled by year but did notice significant 
differences among plant types at particular sampling dates.  In general, ‘Shin-tosa’ 
rootstocks are more vigorous than the bottle gourd rootstock cultivars (Davis et al., 
2008).  Such was the case at 57 DAP in the very wet 2009.  Chilsung Shintoza RS mean 
SW was significantly greater than FR Strong RS and ‘Wrigley’ non-grafted on the 57 
DAP date (Table 1.8).  Uncharacteristically the non-grafted ‘Wrigley’ showed greater 
biomass at 29 DAP and 56 DAP in 2008.   
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 Irrigation treatments had a significant effect on shoot dry weight (SW) at 56 and 
57 DAP sampling dates in 2008 and 2010, respectively (Table 1.9).  Plants in 15% AWD 
treatment had the greatest SW value on these dates.  This sampling date, at approximately 
8 weeks after planting, occurs during the fruit maturation growth stage of watermelons.  
During this physiological growth stage, the plant is at its maximum need for nutrients and 
water.  The significantly greater SW at this growth stage could have lead to a greater 
production of carbohydrates and ultimately the larger total fruit weight for 15% AWD 
treatment documented during 2008 and 2010.    
 
Watermelon Fruit Yield and Quality 
 
 Watermelon fruit yields in all three years for all plant types tested were several 
times greater than the reported South Carolina state average (USDA, 2010) and 
comparable to or better than yields produced by nearby commercial growers.  There were 
no significant differences in fruit yield by plant type in any year, although Chilsung 
Shintoza RS showed slightly greater yield in 2009 and the non-grafted ‘Wrigley’ showed 
a slightly greater yield in 2010.  In 2009, Chilsung Shintoza RS fruit were significantly 
smaller in weight, length and width but the number of fruit produced was significantly 
greater than FR Strong RS and ‘Wrigley’ non-grafted.   
 One of the most noteworthy differences in fruit quality was flesh firmness.  In 
each of the three years, Chilsung Shintoza RS measured significantly firmer flesh than 
FR Strong RS and ‘Wrigley’ non-grafted.  Yamasaki et al., (1994) reported that 
watermelon grafted onto inter-specific hybrid squash had firmer flesh than plants grafted 
to bottle gourd.  In the same study, grafting to both squash and bottle gourd decreased 
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⁰Brix (TSS %).  We saw no significant differences in TSS (%) during 2008 while in 
2009, FR Strong measured greater TSS (%) than Chilsung Shintoza RS and ‘Wrigley’ 
non-grafted.  Both FR Strong RS and ‘Wrigley’ non-grafted measured greater TSS (%) 
than Chilsung Shintoza RS in 2010.  In general, the TSS (%) for all plant types was 
acceptable in all years.   
 The 15% AWD treatment had higher total fruit yield during 2008 and 2010.  
There were no significant total weight differences during 2009, probably due to the 
excessive rainfall.  The average fruit weight of the three irrigation treatments differed 
only in 2008.  The NI treatment had a significantly lower average fruit weight in 2008, 
but measured the highest mean TSS (%) compared to the 15% AWD and 50% AWD 
irrigation treatments.   
 In all years the 15% AW depletion treatment total fruit yields were several times 
higher than those reported as state production averages.  The 50% AW depletion 
treatment total fruit yields were several times higher than those reported as state 
production averages in all years except 2010.  The no irrigation treatment had relatively 




 There were no significant differences in fruit yield by plant type in any year.  
Fruit yields for all plant types were several times better than the South Carolina state 
average (USDA, 2010) and comparable or better than yields produced by nearby 
commercial growers.  No plant type demonstrated a greater ability to produce additional 
fruit under adequate or deficient soil moisture regimes.   
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 The most noteworthy difference in fruit quality among plant types was flesh 
firmness.  Chilsung Shintoza RS measured greater flesh firmness in all years.  There were 
no consistent differences among plant types in TSS (%).  Total soluble solids were close 
to 11.0% or higher for all plant types each year.  Fruit size was similar for all plant types 
except during the wet 2009 year when Chilsung Shintoza RS measured a smaller sized 
fruit but had greater number of fruit than other plant types.  The incidence of black seed 
and hollow heart by plant type and irrigation treatment did not occur enough to analyze.    
 Commercial yield and number of fruit measured higher for the 15% AWD 
treatment in all years compared to NI and 50% AWD treatments.  With the exception of 
TSS (%) in 2008, all fruit quality measurements were similar for each irrigation 










WATERMELON PLANT ROOT DISTRIBUTION, YIELD AND AVERAGE FRUIT 





Root assimilation of water and nutrients is a fundamental process in plant growth 
and development.  Plant roots play a vital role in the supply of resources for growth, and 
yet we have a relatively poor understanding of how they function in the natural soil 
environment (Smit et al., 2000).  Major agricultural investments in irrigation and 
fertilization are expended to provide a beneficial environment for growth and 
development of crop roots (Waisel et. al., 2002).  There is an ever increasing competition 
between those who seek water for irrigation and those who require its use for non-
agricultural purposes.  There are also increasing concerns that leachates from the root 
zones of irrigated fields may contaminate groundwater (Clothier and Green, 1994).  To 
address these concerns and to match irrigation system design and management with crop 
requirements, it is imperative to better delineate the extent and breadth of the crop root 
zone.   
 
Root Zone Determination 
 
The effective root zone (ERZ) depth is the depth of soil used by the main body of 
the root system to obtain moisture and nutrients under proper irrigation (Ross, 1997).  It 
is in this zone that soil moisture must be controlled through irrigation.  Several studies 
have shown the dominant role of surface roots in extracting soil-water.  Gardner (1983) 
looked at soil-water extraction patterns for a large number of crops and determined that 
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soil-water extraction dropped off distinctly away from the surface.  Clothier and Green 
(1994) highlighted the primacy of surface roots and demonstrated how irrigation can 
influence the spatial pattern of root water uptake.  Csizinszky (1979) stated that long drip 
irrigation durations do not necessarily provide improved lateral movement of water 
beyond 25 cm (10 in.) and could result in leaching of fertilizer below the effective root 
zone of the plant.  It is also important to note that rooting depths are very sensitive to soil 
conditions, and generalizing the results from one site to another can be problematic 
(Taylor & Gardner, 1963; Stalham et al., 2007).  
While many journal articles suggest that cucurbit rootstocks have larger and 
stronger root systems than scion varieties, specific data describing the extent and depth of 
grafted watermelon root systems is not available in the literature.  If grafted watermelon 
plants do have a more robust and vigorous root system than non-grafted plants, then this 
could have a tremendous influence on water and nutrient management programs for 
grafted watermelon production. 
 
Root Growth and Distribution 
 
Research has shown that vegetable crop root systems are relatively shallow when 
transplanted and grown with drip irrigation and plastic mulch.  Oliveira and Calado 
(1996) reported that 88-96% of total root length for tomato (Lycopersicon esculentum 
Mill.) was found within the top 40 cm (15.7 inch) of the soil in central and southern 
Portugal and that root length densities (RLD) decreased rapidly with increasing depth in 
the soil profile.   
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Bar-Yosef (1977) reported that 87% of tomato plant roots were distributed within 
a 25 cm (10 in.) lateral and downward distance from the drip emitter on sandy soils.  
Singh et al. (1989) stated that 82 to 88% of drip irrigated tomato roots on loam soil were 
within a 50 cm (20 in.) radius and a 25 cm (10 in.) depth of the plant, with 74% confined 
to the top 15 cm (6 in.).  Machado and Oliveira (2005) documented that 63 to 78% of 
tomato root length was concentrated in the top 10 cm (4 inch) at the sampling site closest 
to the drip tubing.   
There is little published information on the root characteristics of watermelon 
[Citrullus lanatus (Thunb.)  Matsum and Nakai] grown under drip irrigation with plastic-
film mulch.  Production practices, root measurement protocols and watermelon cultivars 
vary greatly among published studies.  
One of the earliest watermelon root studies was conducted in Norman, OK, with 
the diploid cultivar ‘Kleckly Sweet’ (Weaver, J. E. and Bruner, W. E., 1927).  The 
production method was bare ground with no irrigation.  Root morphology was examined 
by excavation at 31 days after planting (DAP), 52 DAP, and 98 DAP.  The watermelon 
root architecture consisted of approximately 24 main roots and their very extensive 
branches.  A few branches extended outward 18 to 21 feet (5.49 to 6.4 m) from the base 
of the plant.  The root depth extended to 4 ft. (1.22 m), although little root development 
was found beneath the first foot of soil.  Weaver and Bruner (1927) provided similar 
results from a thorough study of the root system of watermelons and citrons conducted in 
Saratov, Russia.  Results from this study were similar to those produced by Weaver and 
Bruner.  In a direct-seeded, bare ground study, the most roots were found in the surface 
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16 to 20 inches (40 to 50 cm) of soil.  The taproot, with a diameter of 23 millimeters, 
extended downward to a depth of approximately 3 inches (7.6 cm) before it began to 
branch.  Lateral roots, 12 in number, originated between depths of approximately 3 and 7 
inches (7.6 and 17.8 cm).   
Elmstrom (1973) conducted research on irrigated watermelon root development 
following direct seeding and transplanting.  After the final harvest, all the plants were 
excavated, and the root systems were rated for dominance of the tap root.  A dominant 
tap root was apparent on nearly all direct-seeded plants, but transplanted plants lacked a 
dominant tap root and had a more extensive lateral root system.  The transplanted plants 
had a superior yield and the author speculated that the altered rooting habit was the main 
contributing factor.   
Experiments were conducted at Griffin, GA., (NeSmith, 1999) to determine root 
distribution and yield of direct seeded and transplanted watermelon grown on bare 
ground with overhead irrigation.  Watermelon roots were sampled at early, mid and late 
season intervals for two years.  By mid-season in 1996, transplanted watermelons had 
significantly greater root length than direct seeded watermelons at all sampling depths.  
The largest difference in root length occurred at the 30 cm soil depth, with the 
transplanted crop having more than 60% greater root length than the direct seeded crop.  
By the late season sampling date, root distribution was not significantly different for the 
two stand establishment methods.  NeSmith concluded that the increased root growth of 
transplants early in the growing season may provide advantages over direct seeding. 
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A watermelon production method very different from that practiced in the 
southeastern United States was used in watermelon research in the semiarid regions of 
northwestern China (Xie, Zhong-kui et al., 2006).  The researchers investigated the root 
distribution and yield of direct seeded watermelons grown with gravel-sand mulch, a 
plastic-film much, and a combination of the two mulches.  A non-mulched control was 
included, and three levels of drip irrigation were applied to each mulch treatment.  The 
levels of drip irrigation included were 23 mm (1 inch), 45 mm (1.77 inch) and 68 mm 
(2.6 inch).  Of particular interest is the method by which the drip irrigation was applied.  
Irrigation water was applied three times during the growing season.  The amount of water 
applied during each irrigation equaled one-third of the total irrigation for the season.  
This drip irrigation application method is radically different from what is recommended 
in the southeastern United States where shorter, more frequent, and daily applications are 
the norm (Clark and Smajstrla, 1993).   
Possibly because of the novel irrigation methods, the spatial distribution of the 
watermelon roots was considerably different from that reported in previous research.  A 
trench profile method (Böhm, 1976) with one replication was used to characterize 
watermelon rooting patterns.  Watermelon roots extended up to 1.5 m (60 inch) deep into 
the soil under the gravel-sand mulch, whereas roots grown without the mulch were found 
predominately within the top 100 cm (40 inch).  The authors reported greater RLD in the 
top 30 cm (12 inch) with the gravel-sand mulch in a dry year with “drip irrigation” 
compared to plastic-film mulch or combinations of gravel-sand mulch and plastic-film 
mulch.   
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 Although the literature does not define the grafted watermelon effective root zone 
when grown on plastic mulch with drip irrigation, we hypothesize that the main body of 
the watermelon root system will be found in the top 30 cm of the soil profile.  Presently it 
is common practice to select, often in the absence of any measurement, some fixed depth 
of soil and consider it as being “effectively rooted” (Clothier and Green, 1994).  
Application of irrigation water should be limited to an amount that will penetrate only to 
the effective root zone (Ross, 1997).  The objectives of this research were: 1) to 
determine the effective root zone (ERZ) for watermelon (Citrullus lanatus cv. ‘Wrigley’) 
grafted on two specific rootstocks (Lagenaria siceraria cv. Fr Strong and Cucurbita 
moschata x Cucurbita maxima cv. Chilsung Shintoza) ; 2) to determine root distribution 
and root length density (RLD) differences for watermelon (Citrullus lanatus cv. 
‘Wrigley’) grafted on two specific rootstocks (Lagenaria siceraria cv. Fr Strong and 
Cucurbita moschata x Cucurbita maxima cv. Chilsung Shintoza) under adequate and 
deficient soil moisture regimes.  
 
Materials and Methods 
 
Research Field Description 
 
 This study was conducted at the Clemson University Edisto Research and 
Education Center (EREC) near the town of Blackville in 2008, 2009 and 2010.  EREC is 
in the southwestern part of South Carolina in Barnwell County and is considered part of 
the southeastern Coastal Plains of the United States.  The field is located at 33⁰ 21’ N 
latitude and 81⁰ 19’ W longitude and 93 m above mean sea level.  The soil in the test 
field in 2008 and 2009 was classified as Barnwell loamy sand with a 2 to 6% slope 
48 
 
(DaB).  Natural Resources Conservation Service (USDA-NRCS, 2009) soil maps indicate 
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).  Soil texture 
determinations showed sand prevailing to a depth of 20 cm, loamy sand and sand at 30 
cm, sandy loam at 40 cm and sandy clay at 50 cm.   
 The soil in the test field in 2010 was classified as Wagram sand.  Natural 
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).  Soil texture analysis showed sand to a depth of 50 
cm.  Each year at multiple probes, an in situ AWC as described by Starr and Paltineanu 
(1998) was determined.  These values were similar to the NRCS AWC values and the 
interpretive values based on soil texture analysis.   
Winter cover crops of Abruzzi rye (Secale cereal) and Crimson clover (Trifolium 
incarnatum) mix and summer cover crops of Sorghum X Sudan cross (Sorghum bicolor) 
had been grown in the experimental area for two years prior to research.  Watermelons 
(Citrullus lanatus) were last planted in the experimental areas three years prior to the 
present research.  
 The winter cover crop of Abruzzi rye (Secale cereal) and Crimson clover 
(Trifolium incarnatum) mix, minus the in-between plot wind breaks, was plowed down 
each year in mid-January.  At this time the field was tilled with a Terra-Max (WorkSaver 
Inc., Litchfield, IL) to a depth of 45-50 cm.  This procedure aided in breaking up soil 
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compaction and removed hardpan layers.  During early March of each year, pre-plant 
fertilizer was applied according to soil test recommendations.  Soil test results indicated 
P2O5 was not needed in 2008 and 2009 but the sandy soils of 2010 did require P2O5.  Pre-
plant fertilizer during 2008 was applied on March 10 at the rate of 49 kg/ha (40 lbs/A) of 
N and K2O.  During 2009, pre-plant fertilizer was applied on March 9; 37 kg/ha (33 
lbs/A) of N and K2O.  Pre-plant fertilizer was applied March 1, 2010; 39.2 kg/ha (35 
lbs/A) of N, P2O5 and K2O.  Each year the pre-plant fertilizer was incorporated into the 
plant bed prior to the application of black polyethylene mulch film and drip irrigation 
tubing. 
 Black plastic mulch film (0.75 mil thick, 152.4 cm wide; Guardian AgroPlastics, 
Tampa, FL) and drip irrigation tubing (Aqua-Traxx
R
; Toro Ag Irrigation, El Cajon, CA) 
were laid concurrently each year approximately one week after pre-plant fertilizer 
application and thirty days prior to transplanting.  The width of the raised beds covered 
by plastic mulch was approximately 0.76 m.  The drip tape emitter spacing was 0.3 m and 




 Plants were transplanted and watered in by hand each year.  Transplant dates for 
2008, 2009 and 2010 respectively were April 23, April 15 and April 15 (Table 1.1).  One 
week prior to transplanting, all plots received twice daily 1.86 mm / 5,445 linear feet 
irrigation.  The irrigation was applied at 9:00 am and at 3:00 pm each day.  Following 
transplanting, a 30 minute fertigation cycle was added to the irrigation which increased 
the daily irrigation to approximately 4.48 mm/5,445 linear feet per day.  All plots 
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received the same programmed irrigation until sensor based irrigation treatments were 
initiated.  Sensor-based irrigation treatments were initiated on May 9, April 30, and April 
29 in 2008, 2009 and 2010, respectively.  A small number of replants were needed each 
year (Table 1.2).  Fertigation began the day of transplanting.  The amount of nutrients 
delivered through fertigation was small initially, gradually increased through the growing 
season and reached a maximum during fruit swell (Table 1.3).  All plots received the 
same amount of nutrients with a programmed fertigation cycle.  Plots were sprayed with 
fungicides, insecticides and herbicides as recommended (Keinath and Miller, 2010; 
Kemble, 2010).  Pesticide applications were timed so that there was minimal effect on 
pollinators.  In all years, a grouping of 10 honeybee hives was maintained 300–500 ft. 
northeast of the test plots.   
 
Field Soil Bulk Electrical Conductivity 
 
 The soil bulk electrical conductivity (ECa) for experimental fields was determined 
each year.  A commercially available Veris 3100 EC meter (Veris Technologies, Salina, 
Kansas) was used for mapping the field areas.  The Veris 3100 measures EC, in 
milliSiemens per meter (mS/m), by a shallow contact with the soil.  The Veris 3100 has 
pairs of coulter electrodes which introduce an electric current into the soil.  Other pairs of 
coulter electrodes act as sensors and measure the voltage drop.  The drop in voltage 
between transmitter and receivers is correlated to the soil’s ability to conduct electricity.  
Soil EC technology has shown to be effective in differentiating soil types based on 
texture (Anderson-Cook et al,. 2002).  The experimental plots in each year showed 
relatively uniform EC values.  For the top 30 cm soil layer, the EC values (mS/m) for the 
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research fields in each year were delineated into four zones as:  Above 3.1; 2.3 - 3.1; 1.6 - 
2.3; and Below 1.6 mS/m.  Research plots in 2008 and 2009 were located in soil with an 
EC value of 2.3 - 3.1 mS/m.  Research plots in 2010 were positioned in soil with an EC 




All grafted plants used in the research were seeded and tongue approach grafted 
in a greenhouse at the EREC.  The tongue approach graft is a relatively easy grafting 
method and does not require a high humidity chamber for the healing process.  This 
method originated in the Netherlands (Ishibashi, 1965), and is now widespread across 
Europe and Japan (Lee and Oda, 2003).  It is easy to use, has a high success rate, and the 




 The experimental area each year was 122 m long and 107 m wide.  The 
experimental design was a split plot with irrigation as the main plot factor and plant type 
as the split plot factor (Table 1.4).  The experimental area was divided into four sections 
or replicates, each further divided into three main plots.  The main plots were subdivided 
into three split plots (Figure 1.1).  The plant type treatments were randomly assigned to 
each split plot and replicated four times.  The three plant types (Seminis Vegetable Seeds, 
Oxnard, CA) included in the research were: the triploid cultivar ‘Wrigley’ non-grafted; 
‘Wrigley’ grafted on the rootstock FR Strong (Lagenaria spp); and ‘Wrigley’ grafted on 
Chilsung Shintoza (Curcubita moschata x Cucurbita maxima). 
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 Experimental plots consisted of two raised bed rows spaced 2.44 m center-to-
center and covered with black plastic mulch.  Each split plot contained five plants for 
yield and fruit quality analysis spaced 0.91 m apart (2.23 m
2
/plant).  Also contained in the 
split plots were plants designated for destructive harvest at four, eight and twelve weeks 
after planting (WAP).  Ample distance was allowed between designated treatment plants 
to prevent root intrusion from other plants.  The four, eight and twelve week treatment 
plants were respectively 1.8, 2.7 and 5.5 m distance from adjoining plants at the time of 
sampling (Fig. 1.1).  Measurements on each WAP date included: wet and dry biomass, 




Three irrigation treatments were tested.  Treatment 1, a check treatment termed 
“No Irrigation” (NI) was minimally irrigated for fertigation purposes and early season 
plant establishment, approximately 101 mm / 5,445 linear feet each year.  Treatments 2 
(50% AWD) and 3 (15% AWD) were based on 50% and 15% depletion levels of 
available water capacity (AWC), respectively, as lower irrigation trigger set points (Table 
1.4).  All plots received the same amount of nutrients via fertigation and pre-plant 
application.  In the top 0.30 m of the Barnwell loamy sand (2008, 2009), mean 
volumetric water content at field capacity (FC) and permanent wilting point (PWP) were 
17.4 and 6.1%, respectively, with the AWC equal to 11.3%.  The volumetric water 
contents at which irrigation was triggered for the 15% and 50% depletion levels were 
thus 15.6% and 11.7%.  Mean FC and PWP in the top 0.30 m of the Wagram sand (2010) 
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were determined to be 10.7% and 4.5%.  The AWC was 6.2%.  The set point for 15% 
depletion was 9.77% VMC and for 50% depletion was 7.6% VMC.    
When a given set point was detected, a short duration irrigation cycle (60 min., 
2008 and 30 min., 2009, 2010) was initiated, followed by an hour wait period.  If the 
volumetric water content had not exceeded the upper set points after the wait period, then 
another short duration irrigation cycle was initiated.  The upper set point for the 15% 
AWD was selected at a level mid-way between field capacity (17.4%) and irrigation 
trigger set point (15.6%), i.e., at 16.5% VMC  in 2008, 2009.  Upper set point in 2010 for 
15% AWD was 10.3% VMC.  The goal of having the upper set point for the 15% AWD 
was to maintain VMC close to field capacity without exceeding.  The upper set points for 
50% AWD were 12.5% in 2008, 2009 and 8.3% in 2010.  The goal of having the upper 
set point for the 50% AWD was to maintain VMC at or slightly above 50% VMC.  Once 
the upper set points were reached, the ongoing irrigation cycle was allowed to finish but 
no subsequent irrigation was triggered until lower set points were reached. 
 Each whole plot contained a Sentek TriSCAN EasyAg 50 soil water capacitance 
probe which was integrated within an automated drip irrigation system (EarthTec 
Solutions LLC, Vineland, NJ, USA).  The capacitance probes were located adjacent to 
the drip irrigation line, between the 30 cm drip tape emitters.  Volumetric moisture 
content (VMC) was recorded at 15 min intervals at 10, 20, 30, 40 and 50 cm depths and 
downloaded wirelessly to the internet for numerical and graphical analysis 
(Adviroguard
TM
 Software).  The irrigation controller used the top three probe readings 
(i.e., 10, 20 and 30 cm depths) in each of the four whole plots per irrigation treatment to 
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calculate the mean water content in the root zone.  Consequently every 15 minutes the 
value of twelve data points determined the root zone VMC.  Readings from the lower 
depths (40 and 50 cm) were used to detect water movement below the root zone.  A 
Motorola IRRInet Computerized Irrigation Controller (Motorola Inc., Schaumburg, IL, 
USA) was used to automate irrigation.  This system, coupled with Virtual Network 




 An onsite weather station located 25 m from the experimental plots (EarthTec 
Solutions, Vineland, NJ) provided daily air temperature, solar radiation, relative 
humidity, wind speed and direction, and precipitation data.  In addition, a National 
Oceanic and Atmospheric Administration (NOAA) Climatic Station was located 200 m 
from the experimental area and provided similar weather data.  Daily reference ET (ETo) 
was calculated and also posted online using the Penman-Monteith reference ETo model 
(Allen et al., 1998).  Weather data recorded from the onsite weather station were used to 
determine the total season growing degree days (SGDD) for each year and to determine 
the GDD for separate growth stages.  Watermelon growth is considered to be negligible 
below the base temperature of 55⁰F (Maynard and Hochmuth, 2007).  Growing degree 
days were calculated as shown in equation 1.1.  
 








Shoot Biomass at 4, 8, 12 WAP 
 
 One plant in each plot (Figure 1.1) was harvested for shoot biomass and root core 
measurements at approximately 4, 8, and 12 WAP each year.  These WAP sampling 
dates were used in earlier watermelon root distribution research (NeSmith, 1999) and 
provided a wide array of shoot biomass and root distribution including early, mid and late 
season growth stages.  Plants were severed at ground level, and fresh shoot weight was 
measured in the field.  The 4 WAP and 8 WAP plants were placed in paper bags in 
preparation for oven drying (Figure 1.2).  The larger 12 WAP were placed in burlap bags 
in preparation for oven drying (Figure 1.3).  All plants were dried in large ovens at 
EREC.  Because maximum oven temperatures (53⁰ C (127⁰ F)) were lower than 
preferred, drying time was extended and plants were turned daily.  When plants were 
observed to be desiccated, representative samples were weighed to determine if constant 
mass had been reached.  The 4 WAP plants were dried for three days, 8 WAP for seven 
days and the 12 WAP for fourteen days.  After drying, the dry shoot weight of all plants 
was determined.  All data were subjected to analysis of variance by PROC MIXED and 
PROC GLIMMIX (SAS Institute Inc., Cary, NC).    
 
Root Core Sampling 
 
Root core samples were collected immediately after the destructive harvest of 
plants for shoot biomass measurements.  A tractor mounted #10-TS Model GSTS 
hydraulic sampling and coring machine (Giddings Machine Co., Windsor, CO) was used 
to take cores to a depth of 75 cm (Figure 2.1).  Plastic tube liners of 4.445 cm (1.75 in) 




Figure 2.1.  Tractor mounted #10-TS Model GSTS hydraulic sampling coring machine. 
 
sites were established around each designated plant in all thirty-six plots.  Sampling sites 
were marked with a template to insure the same soil coring location for all plots (Figure 
2.2).   
Core sample locations were 15 cm to the side of each plant.  Core sample one was 
always on the same side as the drip tape and core sample two on the opposite side.  At 
twelve WAP an additional core was taken 15 cm outside of the bed in the bare ground 
(Figure 2.3).  This sample was taken to determine the extent to which roots were growing 
outside of the plastic mulch bed.  Of the thirty-six cores taken at 12 WAP outside of the 
bed in the bare ground, one half were taken on the same side as the drip tape and one half  















Figure 2.3.  At twelve weeks after planting (WAP), an additional core was taken 15 cm 










Each core was frozen, cut into 15 cm segments (five per core), and placed in one 
quart baggies and stored in a freezer (-4 to -2⁰C) until washing.  Roots were separated 
from the soil by a simple hand washing procedure (Smit et al., 2000).  A USA Standard 
Test Sieve (No. 18, 1mm, 0.0394 in) was used for separating roots (Figure 2.4).  
Following sprinkling of the soil/root core and removal of roots, the sample, in sieve, was 
soaked in a basin and gently agitated for final removal of roots.  Using fine Eco dissect 
stainless forceps (Carolina Biological, Burlington, NC), sample roots were removed and 
placed in a VL40L Lab Grade Polypropylene Vial (LACONTAINER Inc., Yorba Linda, 
CA) containing approximately two ounces of 50% ethanol.  Cleaned samples were 
labeled, boxed and refrigerated at 8⁰C until analysis (Figure 2.5).   
Root measurements were obtained with a WinRHIZO Pro 2009a, b (Regent 
Instruments Inc., Canada) system connected to an Epson STD4800 professional scanner 
equipped with an additional light unit.  Scanning was performed with the TWAIN 
Interface active.  A resolution of 400 dpi with pixel size at 0.063 mm was used for 
obtaining root images.  Roots were spread in a 20 cm by 25 cm plastic tray, containing a 
2 to 3 mm deep layer of water (Figure 2.6).  Care and time were taken to spread the roots 
so that individual roots did not overlap.  The morphological information acquired from 
the images (Figure 2.7) of washed roots included: root length (cm), root length density 
(RLD) (cm/cm
3
 of soil), surface area (SA) (cm
2
), average diameter (mm) and root length 



















Figure 2.6.  Roots spread in a 20 cm x 25 cm plastic tray containing a 2 to 3 mm deep 






Figure 2.7.  A digital image of watermelon roots collected at radial distance of 1.0 cm 
from drip line and at 0–15 cm soil depth 83 days after planting. 
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Following image acquisition, the sample roots were placed in a tin foil container 
and oven dried at 60⁰C for 48 hours.  Root dry weight (RDW) was determined for each 
sample.  A Mettler-Toledo Pharmacy balance (Mettler-Toledo AG, Laboratory & 
Weighing Technologies, Switzerland) with a sensitivity of 0.001 g was used to determine 






 The three growing seasons did not differ greatly in growing degree days (GDD) 
and total daily reference ET (ETo) (Table 1.5).  The amount of rainfall each year was 
markedly different, and consequently the irrigation applied differed among years (Table 
1. 6).   
 
Root Length Density 
 
 Plant rooting patterns have traditionally been characterized in terms of root 
weight density (RWD) or root length density (RLD).  Large and inactive roots can 
sometimes compromise the accuracy of root weight methods, and researchers therefore 
tend to use RLD to characterize root systems (Coelho and Or, 1999).  Fine roots are the 
main components of the root system through which plants absorb water and nutrients (De 
Silva et al., 1999).  Although the diameter defining a fine root varies with plant species, 
roots of < 1mm diameter are generally considered to be fine roots (Wells et al., 2002; De 
Silva et al., 1999).  Using < 1mm as the threshold diameter for defining fine roots, the 
bulk of the roots measured in this research would be considered fine roots (Table 2.1). 
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Table 2.1.  Fraction total root length < 1mm in diameter (all depths pooled). 
 















 Root core samples were taken at approximately 4, 8 and 12 weeks after planting 
(WAP).  Very wet conditions in 2009 delayed the 4 WAP coring for 18 days.  All other 
sample dates were within one or two days of the designated sampling dates.   
 The main effects on RLD of plant type, irrigation regime, core position and soil 
depth and their interactions are shown in Table 2.2.  Table 2.3 presents effects and 
interactions by year.  At 83 DAP, an additional core was taken 15 cm to the side the bed 
in bare ground (Table 2.4).  Neither plant type nor irrigation had an effect on RLD in any 
sampling date or year. 
 
RLD by Depth 
 
 The interaction of plant type by depth was significant at 57 DAP (P = 0.0326) 
(Table 2.2) and 83 DAP (P = 0.0012) in 2010 (Table 2.2).  Fr Strong RS had the greatest 
RLD in the 15-30 cm soil depth at both dates while Chilsung Shintoza RS and ‘Wrigley’ 
remained the same or decreased in RLD.  On both sampling dates and with all plant 






Table 2.3.  P values of main effects and interaction of irrigation method (IRR), plant type 
(TYPE), core position (Core) and soil depth (DEPTH) for root length density (RLD) of 




DAP Samples combined 
Effect 2008 2009 2010 
TYPE 0.3062 0.3876 0.7507 
IRR 0.1695 0.5608 0.5922 
TYPE*IRR 0.3695 0.717 0.9352 
CORE 0.1412 0.0757 0.0023 
TYPE*CORE 0.8703 0.5673 0.365 
IRR*CORE 0.2135 0.7581 0.8882 
TYPE*IRR*CORE 0.569 0.9281 0.1276 
DEPTH <.0001 <.0001 <.0001 
TYPE*DEPTH 0.7278 0.1033 0.0052 
IRR*DEPTH 0.1312 0.0793 0.1215 
TYPE*IRR*DEPTH 0.5148 0.3 0.6809 
CORE*DEPTH <.0001 0.3561 0.0001 
TYPE*CORE*DEPTH 0.8531 0.97 0.9485 
IRR*CORE*DEPTH 0.2661 0.9887 0.825 





Table 2.4.  P values of main effects and interaction of irrigation method (IRR), plant type 
(TYPE), core position (CORE) and soil depth (DEPTH) for root length density (RLD) of 
drip irrigated watermelons for 83 days after planting (DAP) during 2008, 2009 and 2010. 
 
 P value 
 83 DAP - Cores 1,2 &3 
Effect 2008 2009 2010 
TYPE 0.152 0.2954 0.6143 
IRR 0.4227 0.9048 0.7274 
TYPE*IRR 0.6508 0.3803 0.8105 
CORE <.0001 <.0001 <.0001 
TYPE*CORE 0.5271 0.5094 0.2721 
IRR*CORE 0.2817 0.1209 0.8525 
TYPE*IRR*CORE 0.9742 0.9287 0.1482 
DEPTH <.0001 <.0001 <.0001 
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Table 2.4.  P values of main effects and interaction of irrigation method (IRR), plant type 
(TYPE), core position (CORE) and soil depth (DEPTH) for root length density (RLD) of 
drip irrigated watermelons for 83 days after planting (DAP) during 2008, 2009 and 2010. 
(continued) 
 
 P value 
 83 DAP - Cores 1,2 &3 
Effect 2008 2009 2010 
TYPE*DEPTH 0.5286 0.0595 0.0114 
IRR*DEPTH 0.1447 0.0095 0.1335 
TYPE*IRR*DEPTH 0.0896 0.5633 0.478 
CORE*DEPTH <.0001 <.0001 <.0001 
TYPE*CORE*DEPTH 0.6325 0.6409 0.0023 
IRR*CORE*DEPTH 0.1659 0.8849 0.9748 
TYPE*IRR*CORE*DEPTH 0.0522 0.2792 0.243 
 
 
 The interaction of irrigation and depth was significant at 56 DAP in 2008 (P = 
0.0004) and at 48 DAP in 2009 (P = 0.0001).  In 2008 at 56 DAP, the 15% depletion 
irrigation treatment (15% AWD) showed a greater RLD (2.443 cm·cm³) in the shallow 
soil depths (0-15 cm) compared to50% depletion irrigation treatment (50% AWD) (1.676 
cm·cm³) and no irrigation (NI) (1.477 cm·cm³) (Table 2.5).  In 2009 at 48 DAP, all three 
irrigation treatments showed similar RLD in the shallow (0-15 cm) soil depth and 50% 
AWD and 15% AWD treatments remained similar at the 15-30 cm soil depth while the 
NI irrigation treatment RLD dropped sharply in the 15-30 cm soil depth.  Although RLD 
measurements were not greatly affected by irrigation treatment, there were significant 
differences in root zone (0–30 cm) VMC (%) by irrigation treatment in each year at each 
DAP sampling (Table 2.6).   
 The interaction of plant type by depth was significant at 57 DAP (P = 0.0326) 
(Table 2.7) and 83 DAP (P = 0.0012) in 2010 (Table 2.7).  Fr Strong RS had the greatest  
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Table 2.5.  Interaction of irrigation (IRR) by depth (DEPTH) on RLD at 56 DAP—2008 
and 48 DAP—2009.  Within RLD columns, letters indicate significant difference 
(P<0.05). 
 










NI 0-15 1.477 
b
 NI 0-15 1.136 
a
 
50% 0-15 1.676 
b
 50% 0-15 0.879 
bc
 
15% 0-15 2.443 
a
 15% 0-15 1.066 
ab
 
NI 15-30 1.335 
bc
 NI 15-30 0.716 
c
 
50% 15-30 1.450 
b
 50% 15-30 1.128 
a
 
15% 15-30 1.629 
b
 15% 15-30 1.045 
ab
 
NI 30-45 0.868 
d
 NI 30-45 0.231 
d
 
50% 30-45 0.845 
d
 50% 30-45 0.277 
d
 
15% 30-45 0.900 
d
 15% 30-45 0.213 
d
 
NI 45-60 1.040 
cd
 NI 45-60 0.179 
d
 
50% 45-60 0.984 
cd
 50% 45-60 0.229 
d
 
15% 45-60 0.852 
d
 15% 45-60 0.183 
d
 
NI 60-75 0.809 
d
 NI 60-75 0.136 
d
 
50% 60-75 0.647 
d
 50% 60-75 0.172 
d
 
15% 60-75 0.741 
d









Table 2.6.  Root zone VMC (%) (0-30 cm) by year and irrigation treatment at days after 
planting (DAP) sampling.  Within VMC (%) column, letters indicated significant 
difference (P<0.05). 
 
Year DAP IRR 
Mean VMC 
(%) SE Pr > F 
2008 29 NI 17.186 
b
 0.233  <.0001 
  50% 19.175 
a
 0.641  
    15% 15.876 
c
 0.270   
 56 NI 15.058 
c
 0.234  <.0001 
  50% 17.598 
a
 0.448  
    15% 16.128 
b




Table 2.6.  Root zone VMC (%) (0-30 cm) by year and irrigation treatment at days after 
planting (DAP) sampling.  Within VMC (%) column, letters indicated significant 
difference (P<0.05). (continued) 
 
Year DAP IRR 
Mean VMC 
(%) SE Pr > F 
2008 83 NI 14.666 
b
 0.202  <.0001 
  50% 16.716 
a
 0.357  
    15% 16.171 
a
 0.150   
2009 48 NI 18.05   
b
 0.439  <.0001 
  50% 17.166 
b
 0.440  
    15% 20.66   
a
 0.516   
 56 NI 17.882 
b
 0.382  <.0001 
  50% 17.118 
b
 0.369  
    15% 20.566 
a
 0.468   
 83 NI 16.364 
b
 0.295  <.0001 
  50% 15.795 
b
 0.263  
    15% 19.784 
a
 0.361   
2010 30 NI 10.228 
b
 0.122  <.0001 
  50% 10.603 
a
 0.133  
    15% 9.938   
c
 0.051   
 57 NI 9.217   
c
 0.117  <.0001 
  50% 9.626   
b
 0.134  
    15% 9.955   
a
 0.052   
 83 NI 9.06     
c
 0.104  <.0001 
  50% 9.55     
b
 0.118  
    15% 10.047 
a
 0.047   
 











Table 2.7.  Interaction of plant type (TYPE) by depth (DEPTH) on root length density 
(RLD) at 57 days after planting (DAP) and 83 DAP—2010.  Within RLD means column 
letters indicate significant difference. 
 
2010 

















Shintoza 0-15 1.172 
b
 
Fr Strong 0-15 1.493 
ab
 Fr Strong 0-15 1.052 
b
 
Wrigley 0-15 1.256 
bc








Shintoza 15-30 0.968 
b
 
Fr Strong 15-30 1.649 
a
 Fr Strong 15-30 1.489 
a
 
Wrigley 15-30 1.279 
bc








Shintoza 30-45 0.236 
c
 
Fr Strong 30-45 0.202 
d
 Fr Strong 30-45 0.116 
c
 
Wrigley 30-45 0.172 
d








Shintoza 45-60 0.094 
c
 
Fr Strong 45-60 0.092 
d
 Fr Strong 45-60 0.090 
c
 
Wrigley 45-60 0.170 
d








Shintoza 60-75 0.055 
c
 
Fr Strong 60-75 0.047 
d
 Fr Strong 60-75 0.120 
c
 
Wrigley 60-75 0.243 
d





RLD in the 15-30 cm soil depth at both dates while Chilsung Shintoza RS and ‘Wrigley’ 
remained the same or decreased in RLD.  On both sampling dates and with all plant 
types, RLD dropped precipitously at the 30-45 cm soil depth. 
 RLD decreased with depth (P < 0.0001) on all sampling dates in all years (Table 
2.8). The greatest RLD was measured either in the 0-15 cm or 15-30 cm soil depth in all 
years at all sampling dates.  RLD measurements were the greatest in the 0-15 cm soil  
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Table 2.8.  Mean root length density (RLD) by year and days after planting (DAP).  
Within RLD columns, letters indicate significant difference (P<0.05). 
 
2008 


















 0-15 1.865 
a





 15-30 1.471 
b





 45-60 0.959 
c





 30-45 0.871 
c





 60-75 0.732 
c






















 0-15 1.333 
a





 15-30 1.281 
a





 30-45 0.170 
b





 45-60 0.122 
b





 60-75 0.073 
b






















 15-30 1.385 
a





 0-15 1.357 
a





 30-45 0.180 
b





 60-75 0.114 
b





 45-60 0.104 
b











depth on five of the nine sampling dates.  The 29 DAP sampling date in 2008 and all 
three sampling dates in 2010 had a greater RLD measurement in the 15-30 cm soil depth 
compared to other soil depths.   
 When sampling dates were pooled by year, RLD again decreased significantly 
with depth (P < 0.0001) in each year (Table 2.9).  In years 2008 and 2009, RLD was 
greatest in the 0-15 cm soil depth.  It is interesting that the very sandy soils of 2010 
showed the greatest RLD in the 15-30 cm soil. 
 At 83 DAP with core 3 (taken in bare ground next to bed) added to the model, the 
main effect of sample depth on RLD was again significant (P < 0.0001) in all years 
(Table 2.10).  The shallow soil depth (0-15 cm) had the greatest concentration of roots in 
2008 and 2009 while 2010 had a more uniform distribution of roots in the 0-30 cm soil 
depth. 
 Watermelon roots were found in the 60-75 cm soil depth at the earliest sampling 
date in all years (Figure 2.8).  During each year there was a dramatic drop in RLD below 
the 30 cm soil level (Figure 2.9).  Although roots did extend as deep as 75 cm in each 
year at each sampling DAP, 61.2%, of the total RLD in 2008, 79.5% of the total in 2009 
and  85.1% of the total were found within the top 30 cm of soil (Table 2.11). 
 
RLD by Core Position 
 
 Although plant type and irrigation had no effect on RLD in any sampling date or 
year (Tables 2.2 and 2.12), an interaction of plant type and core was significant at 57 
DAP in 2010 (P = 0.0038).  Fr Strong RS and Chilsung Shintoza RS had a greater RLD 
near the drip tape, while ‘Wrigley’ had similar RLD at both positions (Table 2.13). 
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Table 2.9.  Mean root length density (RLD) by depth by year with days after sampling 
(DAP) pooled.  Within RLD columns, letters indicate significant differences (P<0.05). 
 
Year 















 0-15 1.2663 
a





 15-30 1.1657 
b





 45-60 0.2223 
c












 60-75 0.1955 
c









Table 2.10.  Mean root length density (RLD) by depth of cores 1, 2, and 3 by year at 83 
days after planting (DAP).  Within RLD columns, letters indicate significant difference 
(P<0.05). 
 
83 DAP—Mean RLD of Cores 1, 2, & 3 















 0-15 1.182  
a





 15-30 0.961  
b
 0-15 0.8268 
a
 
30-45 0.599   
c
 45-60 0.3303 
c





 60-75 0.3252 
c





 30-45 0.2109 
c
















Figure 2.8.  Mean root length density ± 1 SE in 15 cm increments during 2008, 2009 and 
2010.      - 4 Wks after planting (WAP);    - 8 WAP;     - 12 WAP. 
 
 




































Figure 2.9.  Mean root length density, ± 1 SE with all DAP samples pooled in 15 cm 
increments during 2008, 2009 and 2010.  Letters at end of error bars indicate significant 




















































Table 2.11.  Percent of total RLD by depth for cores 1 and 2 in each year.  Days after 




2008 2009 2010 
Core  Core  Core  
1 2 
% 
RLD 1 2 
% 
RLD 1 2 
% 
RLD 





85.1 15-30 29.8 26.1 38.2 38 46.6 46.9 






45-60 12.9 15.6 7.1 7.3 4.1 4.6 
60-75 8.7 12.4 5.8 6.8 3.4 4.7 
 






Table 2.12.  Mean root length density by plant type (TYPE) by year.  All days after 
planting (DAP) sampling dates pooled by year. 
 
YEAR DAP TYPE 
MEAN RLD 
(cm·cm³) 
SE Pr > F 
  A 0.962 0.044  
2008 ALL B 0.968 0.047 0.3062 
    C 0.866 0.041   
  A 0.614 0.042  
2009 ALL B 0.644 0.036 0.3876 
    C 0.594 0.033   
  A 0.584 0.038  
2010 ALL B 0.641 0.043 0.7507 
    C 0.608 0.038   
 









Table 2.13.  Interaction of plant type (TYPE) by core position on root length density 
(RLD) at 57 days after planting (DAP), 2010. 
 
2010:  57 DAP 
TYPE*CORE 
TYPE CORE MEAN RLD (cm·cm³) 


















Core 1 – next to drip line; Core 2 – 30 cm opposite drip line. 
 
 
 In general, the differences in RLD by core sampling positions, were more 
noticeable later in the season at the 83 DAP sampling date.  Each year at 83 DAP core 1, 
taken next to the drip line, had a greater RLD than core 2, taken 30 cm from the drip line 
(P = 0.0015, 2008; P = 0.009, 2009; P = 0.0015, 2010).  Core 1 also had a greater 
concentration of RLD in 2010 at 57 DAP (P = 0.009).  When all DAP sampling dates 
were pooled for a season total, only 2010 showed a significant difference (P = 0.0023) in 
RLD for cores 1 and 2 with core 1 having 8.4% greater RLD (Figure 2.10, Table 2.14).   
 The effect of depth on RLD differed with core position in 2008 at 56 DAP and 83 
DAP and in 2009 at 83 DAP (Table 2.15).  At 56 DAP in 2008, the sample site closest to 
the drip (Core 1) showed a significantly greater concentration of roots in the 0-15 cm 
depth, while the sample site 30 cm from the drip line (Core 2) showed greater RLD at the 






Figure 2.10.  Mean root length density, ± 1 SE of watermelons for all DAP sampling 
dates pooled.  Within each column means with different letters are significantly different 
(P<0.05).     – Core 1(C1) (1.0 cm radial to drip line);     - Core 2 (C2) (30 cm radial to 






Table 2.14.  RLD from all DAP sampling dates pooled.  Fraction of total RLD by core 
position.  Within % by CORE column, letters indicate significant difference (P<0.05). 
 
YEAR CORE % by CORE 
2008 1 52.26 
a
 
  2 47.74 
a
 
2009 1 52.24 
a
 
  2 47.76 
a
 
2010 1 54.21 
a
 




































Table 2.15.  Mean root length density (RLD) for core by depth combinations at 56 and 83 
days after planting (DAP) in 2008, 83 DAP in 2009 and 57 and 83 DAP in 2010.  Within 
RLD columns, letters indicate significant difference (P<0.05). 
 
    2008 2009 2010 
































































































































Core 1—1.0 cm from drip line; Core 2—30 cm from drip line. 
 
 
roots in both the 0-15 and 15-30 cm soil depths than core 2 while both cores showed 
similar RLD at the lower soil depths.  
 A similar depth by core interaction was seen at 57 and 83 DAP in 2010 (Table 
2.15).  There was a greater concentration of roots in the 0-15 and 15-30 soil depths for 
core 1 compared to core 2 on both sampling dates.  Core 1, closest to the drip, had its 
greatest RLD in the 0-15 cm soil depth.  Core 2 showed a different distribution of RLD, 
with the greatest RLD in the 15-30 cm soil depth at both 57 and 83 DAP sampling dates. 
 When sampling dates were pooled by year, similar trends in core by depth 
interactions for RLD were seen in 2008 and 2010 (Table 2.16).  During 2008, the greatest 
concentration of roots was found in core 1 in the 0-15 cm soil depth while the sandy soils  
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Table 2.16.  Mean root length density (RLD) for core by depth combinations, Days after 
planting (DAP) pooled by year.  Within RLD columns, letters indicate significant 
difference (P< 0.05). 
 

























1 0-15 1.773 
a
 1 0-15 1.331 
a
 1 0-15 1.314 
b
 
2 0-15 1.327 
bc
 2 0-15 1.202 
b
 2 0-15 1.019 
c
 
1 15-30 1.447 
b
 1 15-30 1.222 
ab
 1 15-30 1.534 
a
 
2 15-30 1.155 
c
 2 15-30 1.110 
b
 2 15-30 1.306 
b
 
1 30-45 0.590 
de
 1 30-45 0.232 
c
 1 30-45 0.198 
d
 
2 30-45 0.699 
d
 2 30-45 0.199 
c
 2 30-45 0.198 
d
 
1 45-60 0.623 
d
 1 45-60 0.226 
c
 1 45-60 0.134 
d
 
2 45-60 0.695 
d
 2 45-60 0.218 
c
 2 45-60 0.129 
d
 
1 60-75 0.430 
e
 1 60-75 0.186 
c
 1 60-75 0.113 
d
 
2 60-75 0.569 
de
 2 60-75 0.205 
c




Core 1—1.0 cm from drip line; Core 2—30 cm from drip line 
 
 
in the 2010 test field showed greater RLD distribution in the 15-30 cm soil depth for both 
cores 1 and 2.  When all three years were pooled, core 1 had a slightly greater fraction of 
total RLD in the 0-30 cm soil depth (77.5%) than core 2 (72.7%).   
 A separate analysis of cores 1, 2 and 3 taken at 83 DAP showed significant 
differences (P < 0.0001) by core, depth and core by depth (Table 2.17) in all years.  Core 
3 was taken 15 cm to the side of the bed at 83 DAP.  Roots were found in core 3 at all 
depths but as seen in Table 2.17, the RLD was significantly less than that measured in 




Table 2.17.  Mean root length density (RLD) by core at 83 days after planting (DAP).  
Within RLD column, letters indicate significant differences (P<0.05). 
 
































Core 1—1.0 cm radial to drip line; Core 2—30 cm radial to drip; Core 3—15 cm outside 
bed, bare ground. 
 
 
 Root length density was greatest in the 0-30 cm depth in all years and dropped 
abruptly below this depth.  Root growth tended to concentrate closer to the drip tape in 
the shallow 0-15 cm depth except in the sandy soils of 2010 when concentration was 
greatest close to the drip tape but at the 15-30 cm depth.   
 
Root Dry Weight 
 
 The root dry weight (RDW) patterns were broadly similar to RLD patterns (Table 
2.18).  In general RDW was greatest in the 0-15 cm soil depth (Table 2.19).  One notable 
exception was during 2010 when RDW and RLD were greatest at the 15-30 cm depth on 
all sampling dates.  One anomaly in the data occurred at 83 DAP in 2009; a high level of 
RDW was measured at the 45-60 cm soil depth, due to the presence of large root pieces 







Table 2.19.  P values of main effects and interaction of plant type (TYPE), irrigation 
method (IRR), core position (CORE) and soil depth (DEPTH) for root dry weight (RDW) 
of drip irrigated watermelons for sampling dates pooled during 2008, 2009 and 2010. 
 
 P value 
  Year 
Effect 2008 2009 2010 
TYPE 0.6575 0.1781 0.2969 
IRR 0.4911 0.3826 0.6222 
TYPE*IRR 0.7355 0.665 0.6253 
CORE 0.7112 0.0886 0.2461 
TYPE*CORE 0.6355 0.7692 0.8925 
IRR*CORE 0.2869 0.4547 0.5369 
TYPE*IRR*CORE 0.2814 0.4009 0.9433 
DEPTH <.0001 <.0001 <.0001 
TYPE*DEPTH 0.9838 0.7144 0.1193 
IRR*DEPTH 0.0761 0.6114 0.1474 
TYPE*IRR*DEPTH 0.7745 0.2121 0.8705 
CORE*DEPTH 0.5198 0.7072 0.6476 
TYPE*CORE*DEPTH 0.7512 0.2656 0.9305 
IRR*CORE*DEPTH 0.7908 0.54 0.7534 
TYPE*IRR*CORE*DEPTH 0.2693 0.3514 0.3713 
 
 
 Plant type had no effect on RDW in any year or on any sampling date (Tables 
2.18 and 2.19).  There was little effect of irrigation by depth on RDW, with the exception 
of 48 DAP in 2009 (P = 0.0055) (Table 2.18).  The 15% AWD treatment showed greater 
RDW among treatments at the shallow 0-15 cm depth.  The 15% AWD and 50% AWD 
treatments measured similar RDW at the 15-30 cm depth and all treatments had similar 
RDW at the lower soil depths.      
 When sampling dates were pooled, RDW decreased with depth (P < .0001) each 




Table 2.20.  Mean root dry weight (RDW) by depth, year and days after planting (DAP).  
Within RDW columns, letters indicate significant difference (P<0.05). 
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DEPTH (cm) Mean RDW (gm) 
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DEPTH (cm) Mean RDW (gm) 
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0 - 15 0.016 
b





15 - 30 0.024 
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30 cm soil depths, and RDW dropped sharply at the 30-45 cm soil depth.  Unlike 2008 
and 2009, the RDW values at the 15-30 cm soil depth were greater in 2010.   
 The distribution of RDW by sample depth in each year (Figure 2.11) was similar 






Figure 2.11.  Mean root dry weight (mg), ± 1 SE with all DAP samples pooled in 15 cm 
increments during 2008, 2009 and 2010.  Letters at end of error bars indicate significant 
difference (P<0.05).    
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at the 30–45 cm depth in each year is comparable to that seen with RLD.  The marked 
variability of the means (SE bars) seen at the 45–60 cm depth in 2009 was due to several 
samples having large root pieces.   
 At 83 DAP with the addition of core 3 to the model, the effect of sample depth on 
RDW was significant in each of the three years (Table 2.21).  The shallow soil depths 
generally showed a greater RDW than the deeper soil depths but an unexpected spike in 




 A variation of root/shoot (R:S) ratio was estimated by pooling root dry weights of 
cores one and two as a proxy for the below-ground root mass at each sampling date.  The 
dry weight of the entire shoot served as the shoot weight.  Neither irrigation nor plant 
type had a significant effect on R:S ratio, although the ratio significantly decreased 




 The measurement of fruit yield and fruit quality parameters in grafted 
watermelons has produced many conflicting reports.  Possibly because of the many 
rootstocks tested or the differences in environmental conditions, the differences in the 
above parameters have not been consistent (Davis and Perkins-Veazie, 2005).  Likewise, 
specific rootstocks have shown to aid in certain abiotic stresses (Ahn, 1999; Liao and Lin, 
1996; Cohen, 2007; Pulgar et al., 2000; and Sakata et al., 2007).  Due to the 
discrepancies in grafted watermelon yield and fruit quality parameters and the particular  
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Table 2.21.  Mean root dry weight (RDW) by sample depth of cores 1, 2 and 3 by year at 
83 days after planting (DAP).  Within RDW columns, letters indicate significant 
difference (P<0.05). 
 
83 DAP—Mean RM of Cores 1, 2, and 3 by sample depth 













0 - 15 0.027 
a
 0 - 15 0.024 
a
 0 - 15 0.019 
a
 
15 - 30 0.028 
a
 15 - 30 0.019 
ab
 15 - 30 0.020 
a
 
30 - 45 0.006 
b
 30 - 45 0.003 
c
 30 - 45 0.004 
b
 
45 - 60 0.006 
b
 45 - 60 0.015 
abc
 45 - 60 0.020 
ab
 
60 - 75 0.004 
b
 60 - 75 0.004 
bc






Table 2.22.  Root to Shoot (R:S) ratios at days after planting  (DAP) during 2008 and 
2010.  Within R:S columns, letters indicate significant difference (P<0.05). 
 
2008 2010 















attribute a specific rootstock may exhibit, several authors have pointed out the 
importance of optimizing rootstock/scion combinations for specific environments (Ruiz 
et al., 1997; Sakata et al., 2007). 
 While many journal articles suggest that cucurbit rootstocks have larger and 
stronger root systems than scion varieties, specific data describing the extent and depth of 
grafted watermelon root systems is not available in the literature.  Because of the many 
rootstocks and rootstock/scion combinations it is difficult to generalize and attribute a 
larger and stronger root system to all grafted watermelon plants.  If grafted watermelon 
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plants do have a more robust and vigorous root system than non-grafted plants, then this 
could have a tremendous influence on water and nutrient management programs for 
grafted watermelon production. 
The objectives of this research were to define the effective root zone for 
watermelon (Citrullus lanatus cv. ‘Wrigley’) and to determine root distribution and root 
length density (RLD) differences for watermelon (Citrullus lanatus cv. ‘Wrigley’) 
grafted on two specific rootstocks (Lagenaria siceraria cv. Fr Strong and Cucurbita 
moschata x Cucurbita maxima cv. Chilsung Shintoza) under adequate and deficient soil 
moisture regimes. 
 
Root Length Density 
 
 A crop root system growing in a uniform soil will tend to follow genetic patterns 
early in its growth and development (Coelho and Or, 1999).  As the roots experience 
different soil environmental conditions, the growth and development patterns can change 
in response to the soil conditions.  Soil strength, water availability, aeration, nutrient 
supply and other soil characteristics can affect the resultant root system architecture and 
root activity (Coelho and Or, 1999).   
 In this study, we manipulated irrigation treatments to determine their effect on 
RLD of 3 watermelon plant types.  Studies with other crops have shown variable 
relationships between soil water content and RLD.  Searles et al, (2009), showed a 
significant linear relationship between soil water content and RLD in drip irrigated olive 
orchards in Argentina under arid conditions.  Using minirhizotrons installed between 
tomato plants, Machado (2005) found no influence of irrigation treatment on the root-
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length intensity (La)--length of the root per unit of minirhizotrons surface area (cm·cm
-2
).  
Using root cores, Machado (2005), found only occasionally responses to irrigation and 
fertilizer treatments.   
 We expected to see a positive relationship between irrigation treatment and RLD 
in watermelon.  In fact we observed no effects of irrigation on RLD.  This could be 
because there were no differences or we could not detect the differences.  Although it has 
been reported that as much as 30% of the sample roots can be lost during the washing 
process (Smit et al., 2000), it is unlikely that one treatment would have had a greater 
proportionate loss of roots than another.  The large spatial variation in RLD between 
replicate samples is widely known, and substantial sampling is required to estimate 
differences between root systems with reasonably accuracy.  As seen in Table 2.6, 
volumetric moisture content varied significantly among irrigation treatments.  Although 
there were substantial differences in yield and average fruit weight among irrigation 
treatments, it is possible that the soil VMC differences were not sufficient to produce 
measurable differences in RLD.  Although 3,780 samples were taken during this three 
year research project, if RLD differences do exist among irrigation treatments, more 
samples and greater differences in soil VMC might be necessary to discern and generate 
such a difference.   
 Numerous publications have claimed that rootstock root systems have a more 
vigorous root system and wider distribution throughout the soil (Lee, 1994).  Resistance 
and immunity to fusarium wilt, caused by Fusarium oxysporum Schltdl., has been the 
primary motive for grafting cucurbits.  Because of their reportedly larger root systems 
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and the vigor afforded the scion, grafted watermelon have shown tolerance to other soil 
borne diseases and root knot nematodes (Cohen et al., 2000;Giannakou and Karpouzas, 
2003).  It is presumed that the large root area and increased vigor of the rootstock will 
allow scion development in the presence of monosporascus vine decline, phytophthora 
blight and verticillium wilt (Davis et al., 2008).   
 Much work has been done showing dramatic physiological differences between 
grafted and self-rooted plants.  Pulgar et al., 2000 found that grafted plants showed a 
higher capability for N assimilation, resulting in greater growth than non-grafted 
watermelon plants.  The more efficient N assimilation in grafted plants might be 
associated with the effect of rootstock on the uptake of water and nutrients (Heo, 1991).  
The grafted plant’s ability to absorb other nutrients more efficiently than scion roots has 
also been reported (Gomi, K and M. Masuda, 1981; Kim, S. E. and J. M. Lee, 1989; Ahn 
et al., 1999).  The concentration of cytokinin, which is primarily synthesized in roots, has 
been shown to be higher in the xylem sap of some grafted plants.  Kato and Lou (1989) 
looked at xylem sap in grafted eggplant and found that increased yields were closely 
associated with the amount of cytokinin in xylem sap.  These and other physiological 
differences tend to support the hypothesis that grafted plants can have a more vigorous 
root system.   
 We expected to see significant root length density differences in the plants grafted 
on Chilsung Shintoza and FR Strong rootstocks compared to the self-rooted watermelon 
plants.  We also expected that the grafted plants’ roots would extend deeper in the soil 
profile and further from the drip line.  We anticipated a positive relationship between 
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irrigation treatment and RLD in both grafted and self-rooted watermelon plants.  Across 
all sample dates each year, there were no significant differences in root length density 
(RLD) among irrigation treatments or plant types.  
 Although some rootstock species may have larger and more effective root 
systems, it is known that scion interactions can also influence stomatal performance (Ahn 
et al., 1999).  More vigorous scions may lead to a greater partitioning of assimilates to 
the rootstock and a consequentially larger root system (Chen et al., 2003).  It is possible 
that the scion, “Wrigley” used in this research is not as vigorous as scions used in 
previous research and did not provide as great a partitioning of assimilates to the 
rootstock.    
 While the main effects of irrigation and plant type did not produce discernable 
differences in RLD, other factors had noteworthy effects.  As seen in Table 2.2, core 
sampling position, sample depth, type by depth, type by core, irrigation by depth and core 
by depth were all associated with significant differences in RLD on some dates. 
 Mid-season RLD at 56 DAP in 2008 measured significantly greater in the shallow 
soil depths (0-15 cm) with 15% AWD treatment compared to 50% AWD and NI 
treatments (Table 2.5).  This interaction is possibly relevant.  At 56 DAP the watermelon 
plant has fruit maturing which are major sinks for water and nutrients supplied by the 
roots.  It is plausible that the proliferation of roots in the upper soil depths at this critical 
growth stage allowed the plants to acquire greater amounts of nutrients and water.  The 
irrigation by depth interaction seen at 56 DAP during 2008 with a high incidence of RLD 
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in the top 0-15 cm sampling depth could have had a bearing on the high watermelon fruit 
yields during 2008 (Table 2.23). 
 There was a greater concentration of roots near the drip tape but this difference by 
core position did not manifest till later in the season.  In all years, early season sampling 
showed no significant differences in RLD between core positions.  Early season 
concentration of roots near the drip tape has been documented in other crops (Bar-Yosef, 
1977; Machado and Oliveira, 2005).  RLD differences by core position at DAP sampling 
dates did not occur until the 57 DAP sampling date and only in 2010.  The test field in 
2010 was classified as Wagram sand with a very low AWC of 0.062 (cm³ cm
-
³).  Test 
fields of 2008 and 2009 were less droughty with an AWC of 0.113 (cm³ cm
-
³).  The 
concentration of RLD near the drip tape in sandy soils where lateral water movement is 
reduced is expected, and such was observed at 57 DAP during 2010.   
 In the very sandy soils of 2010, at the mid-season 57 DAP sampling date, the 
grafted plant types showed a greater propensity for root development closer to the drip 
line (Table 2.13).  Also at 57 and 83 DAP sampling dates in 2010, FR Strong RS had a 
significantly greater concentration of RLD in the 15-30 cm soil profile.   
 By the end of the season at 83 DAP, RLD was significantly greater in core 1 than 
in core 2 across all years (Table 2.17).  Although RLD by core position was significantly 
different at several sampling dates and tended to concentrate closer to the drip line, a 
dramatic concentration of RLD next to the drip tape reported in other crops was not seen 
in this watermelon crop.  This could be due to inherent differences in species rooting 
proclivity or to differences in soil environments in test fields.  
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Table 2.23 Total mean total fruit weight by irrigation treatment for years 2008, 2009 and 
2010.  Within mean columns, letters indicate significant difference (P<0.05). 
 
 Year 
2008 2009 2010 
 
IRR 
MEAN Tot. Wt. 
(kg) 
MEAN Tot. Wt. 
(kg) 
MEAN Tot. Wt. 
(kg) 



















Irrigation treatments (IRR):  NI—No irrigation; 50%--50% available water depletion 
(AWD); 15%--15% AWD. 
 
 
 The effect of depth generally differed with core position, notably as the season 
progressed (Tables 2.15).  Mid and late season samples showed roots concentrating in 
shallow depths closer to the drip line.  Across all years, the total RLD near the drip tape 
(77.5%) at 0-30 cm depth was slightly greater than that opposite the drip tape (72.7%).  
The reverse was seen for the deeper, 30-50 cm depths with 22.5% total RLD near the drip 
tape and 27.3% total RLD opposite the drip tape.  The tendency was for roots to extend 
deeper at greater distances from the drip line. 
 Even though short duration irrigation cycles were employed in this research, it is 
doubtful the horizontal wetting front extended into the shallow soil depths 30 cm from 
the drip tape in the coarse sands of 2010.  Although soil VMC was not measured at each 
core position, it is well documented the mostly vertical wetting pattern associated with 
coarse textured soils (Miller and Donahue, 1990).  Consequently, the irrigation applied 
moved through the coarse surface soil quickly and may not have expanded to core 
position 2 until the deeper soil depths.  Root concentration in the sandy soils of 2010 was 
greatest at the 15-30 cm soil depth at both core positions.  The greater concentration of 
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roots in the 15-30 cm soil depth away from the drip tape is particularly noticeable at the 
83 DAP sampling date, 2010 (Table 2.15) and when sampling dates were pooled (Table 
2.16).    
 At 83 DAP a separate analysis was conducted with an additional core taken 15 cm 
to the side of the bed in bare ground (Core 3).  Roots did extend beyond the plastic mulch 
bed, but RLD at all depths in the bare ground core was much lower than RLD found next 
to the drip tape and 30 cm from the drip tape.  Even during 2009 when precipitation was 
well above normal, root growth beyond the plastic mulch bed was minimal (Table 2.17).  
 Most roots were found in the upper soil layers on all sampling dates (Table 2.8, 
Figure 2.9).  As seen in Figure 2.9, the drop in RLD below the 30 cm soil depth was 
dramatic.  The relatively shallow root distribution under drip irrigation has been well 
documented with other crops such as tomatoes and peppers (Oliveira and Calado, 1996; 
Bar-Yosef, 1977; Singh et al., 1989; Machado and Oliveira, 2005).  In the sandy soils of 
2010, 85% of the RLD was in the top 30 cm.  During the very wet year of 2009, 79% of 
the RLD was in the top 30 cm.  The 2008 test year had the highest RLD mean value for 
the top 30 cm soil depth but also had the highest RLD mean value for depths below 30 
cm.   
 Plants’ reliance on surface roots for soil water extraction has been well 
documented.  Gardner (1983) pooled a large number of water extraction patterns for 
various crops and showed that water extraction dropped off substantially away from the 
surface.  Jordon and Miller (1980) showed that sorghum could extract water down below 
wilting point (θw) near the surface but at deeper depths plants had left water above θw.  
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Clothier and Green (1994) showed a dominant role of surface roots in water extraction by 
kiwifruit.  This primacy of surface roots lends further support to the best management 
practice of high-frequency but short irrigation cycles (Rawlins and Raats, 1975; Clothier 
and Green, 1994) thereby maintaining soil moisture where it is needed.  
 
Root Dry Weight 
 
 The root dry weight (RDW) analysis reinforces many of the conclusions for RLD.  
Similar to RLD, RDW was generally greater in the 0-30 cm soil depth at all sampling 
dates (Table 2.20).  The plant type FR Strong RS, which showed greater RLD at 57 DAP 
in 2010 at the 15-30 cm soil depth, likewise showed a significantly greater RDW at this 
sampling date and depth compared to other plant types.  With the exception of the 83 
DAP sampling date in 2009, similar to RLD, RDW was significantly greater in the 0-30 
cm soil depth at all other sampling dates.   
 The analysis of RDW and RLD both indicate that the bulk of the watermelon 
roots are in the top 0-30 cm soil depth.  The shallow 0-30 cm soil depth could therefore 
be considered the watermelon effective root zone (ERZ), and drip irrigation programs 





 No irrigation treatment or plant type yielded a significant difference in root to 
shoot ratio (R:S).  Our root to shoot ratio serves more as an approximation of an actual 
R:S since we compared total above ground SW to representative samples of below 
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ground RDW.  Although no treatment effect produced a significant difference in R:S, 
Table 2.22 indicates a significant difference in R:S by sampling dates for 2008 and 2010.  
The early season sampling date showed a significantly higher R:S ratio in both years.  
The dynamic balance in biomass between roots and shoots can reflect the relative 
abundance of above-ground resources compared to below-ground resources (Atwell, 
1999).  A high value of R:S indicates below ground resource allocation is being favored 
(Atkinson, 2000).  With little to no limitations on above or below ground resources, the 
plants internal (genetic) control over R:S will be expressed throughout growth and 
development with no impedance on gene expression.  As indicated in Table 2.22, when 
above and below ground resources were not limiting, the early season R:S ratio was high 
and root growth rate exceeded shoot growth rate.  This would also tend to support a drip 
irrigation management program which employs short but frequent irrigation cycles 




 We detected no effect of irrigation on root length density.  There was an 
occasionally significant interaction of irrigation by depth:  the 15% AWD treatment had a 
higher RLD than other irrigation treatments at the shallowest depth.  This occurred during 
the fruit maturation growth stage in 2008, which may have contributed to the very high 
yields during 2008.   
 We detected no effect of plant type on root length density.  Neither the Chilsung 
Shintoza RS nor the FR Strong RS showed a propensity to extend roots deeper or further 
than the non-grafted ‘Wrigley’.  An occasional difference in RLD measurements between 
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grafted and non-grafted occurred at in-season sampling dates but no significant 
differences were measured when sampling dates were pooled by year.  All plant types 
generally responded similarly in root growth and development based on root length 
density measurements.   
 Root distribution across the plant bed among plant types and irrigation treatments 
was uniform early in the season.  The loamy sand fields of 2008 and 2009 did not show a 
concentration of RLD nearer the drip line until the 83 DAP sampling date.  The sandy 
field of 2010 began showing a greater concentration of roots near the drip line mid-
season and continued to the end of the season but unlike 2008 and 2009, RLD in 2010 
was greatest in the 15-30 cm soil depth.   
 Beginning at mid-season, the percent of the total RLD was greater near the drip 
line at 0-30 cm soil depth, while the percent of the total RLD below 30 cm soil depth was 
greater at the core position 30 cm away from the drip line.  The watermelon roots showed 
a tendency to grow near the drip line but neither as early nor to the extent as reported 
with other crops. 
 For all irrigation and plant type treatments, RLD was significantly greater in the 
top 0-30 cm.  This occurred at each sampling date in all years.  There was a precipitous 
drop in RLD below the 30 cm soil level and the main body of the plants roots for all plant 
types under each irrigation treatment was found in the top 0-30 cm soil depth.  We found 
61.2%, 79.5% and 85.1% RLD in the top 0-30 cm for 2008, 2009 and 2010, respectively.   
 Commercial yield was higher for the 15% AWD treatment, which employed short 













The use of drip irrigation and fertigation, (i.e., the addition of nutrients through 
the drip system) is essential in modern vegetable production systems.  Although drip 
irrigation is used in the fruit and vegetable industry from arid California to the humid 
Carolinas, many challenges confront the efficient management of this technology.  
Vegetable growers must make decisions on how frequently to irrigate and how long to 
run their system each irrigation cycle.  Most vegetable growers lack adequate sensing 
technology and quick-response data interpretation capabilities for effective irrigation 
scheduling.  Typical on farm irrigation cycles are usually longer than necessary and thus 
wasteful of water, energy used for pumping, and money paid for leached nutrients.  
Depending on the soil type, stage of crop development, and climatic conditions, a well-
managed drip irrigated vegetable field most likely requires multiple daily applications to 
avoid water stress and yield reduction.  Intra-day irrigation triggering is most feasible 
with real-time knowledge of soil water via advanced sensors and remote data access 
capability (Fares and Alva, 1998).  Efficient irrigation management also requires 
knowledge of the spatial and temporal root distribution and the threshold soil water 




Watermelons are an important vegetable crop in South Carolina, currently ranking 
as the sixth agriculturally-based revenue generator.  The dominant sandy soils in the 
Southeast USA with low water holding capacities are especially vulnerable to water 
stress and water and nutrient leaching below the root zone (Fares and Alva, 2000).  A 
survey of the South Carolina Watermelon Association (SCWA) membership indicates 
that nearly all of its members use drip irrigation and polyethylene mulch for their 
commercial production (Miller, 2008).  In comparison to sprinkler irrigation, drip 
irrigation under plastic mulch is complex.  Drip irrigation is applied from a line of point 
sources to only part of the field, while the plastic mulch not only suppresses evaporation 
but also sheds rainfall to the edge of the mulched row from where it infiltrates and/or runs 
off (McCain et al., 2007).  Without monitoring of soil water, it will be very difficult, if 
not impossible, to estimate the contribution of rainfall to the root zone under the plastic 
mulch. 
 
Root Zone Determination 
 
 The effective root zone (ERZ) of the crop has been defined several ways.  Allen 
et al., (1998) describes ERZ as the depth of soil wherein the irrigator attempts to control 
soil moisture.  Ross (1997) says the ERZ is the depth of soil used by the main body of the 
plant roots to obtain most of the stored moisture and plant food under proper irrigation.  
Crop roots do not extract water uniformly from the entire root zone.  Thus, the ERZ is the 
portion of the root zone where the crop extracts the majority of its water (Evans et al., 
1996).  Conceptually all three descriptions of ERZ are interrelated.  In this research we 
define ERZ as the area in which the majority of the roots are measured.  Rooting depths 
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are very sensitive to soil conditions and generalizing the results from one site to other 
sites can be problematic (Taylor and Gardner, 1963; Stalham et al., 2007).   
 Several studies have investigated root distribution of direct seeded and 
transplanted watermelon (e.g., Elmstrom, 1973; NeSmith, 1999) and have mainly shown 
that the transplants have a more extensive lateral root system.  Other studies looking at 
root distribution of tomato (Oliveira, 1996) and bell pepper (Leskovar and Cantliffe, 
1993) grown with drip irrigation have shown a relatively shallow root system.  Bar-Yosef 
(1977) reported that 87% of tomato roots were distributed within a 25 cm lateral and 
downward distance of the drip emitter on sandy soils.  Other studies of vegetable crops 
grown on plastic mulch with drip irrigation have indicated that the main body of roots is 
relatively shallow and concentrated in the top 30 cm or less of the soil profile (Machado 
and Oliveira, 2005; Singh et al., 1989).   
 Although the literature does not define the watermelon effective root zone when 
grown on plastic mulch with drip irrigation, we hypothesize that the main body of 
watermelon roots will be found in the top 30 cm of the soil profile.  Application of 
irrigation water should be limited to an amount that will penetrate only to the effective 
root zone (Ross, 1997).  Maintaining optimal soil water content in the limited root zone 
of vegetable crops can be difficult without continuous monitoring of the soil water status 
(Alva and Fares, 1998).  Continuous monitoring of soil water not only facilitates optimal 






Soil Water Measuring Tools 
 
 Tools for measuring soil water content such as tensiometers, resistance blocks 
and granular matrix sensors have been used for scheduling irrigation for decades (Leib et 
al., 2003).  These indirect methods for monitoring soil water content can be broadly 
classified as tensiometric (Muñoz-Carpena and Dukes, 2008).  These devices measure the 
soil water potential and provide a quantity expressed in kilopascals (kPa).  There is a 
second broad category of sensors termed volumetric, which estimate soil volumetric 
moisture content by measuring the soil dielectric constant.  The dielectric constant is a 
measure of the capacity of a non-conducting material such as soil to transmit 
electromagnetic waves or pulses.  Small alterations in the quantity of free water in the 
soil can have significant effects on the electromagnetic properties of the soil water media.  
A calibrated relationship of the measured electrical value against volumetric water 
content is generally linear for the majority of soils (Mead et al., 1995).    
 Recent advances in microelectronics have improved the methods of measuring 
the dielectric constant of the soil-water-air medium as a means of determining soil water 
content (Fares and Alva, 2000).  Multisensor capacitance probes (MCP), which have the 
ability to measure both soil moisture content and soil salinity, have been used as an 
irrigation management tool in many places since 1991 (Buss, 1993).  Paltineanu and Starr 
(1997) tested EnviroSCAN® (Sentek PTY, Ltd., Kent Town, South Australia) 
capacitance probes in the laboratory and in the field (Starr and Paltineanu, 1998).  More 
characteristics and functionality of Sentek capacitance probe have been discussed by 
Paltineau and Starr (1997), Starr and Paltineau (1998), Mead et al. (1995) and Buss 
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(1993).  Multisensor capacitance probes have been shown to deliver consistent readings 
over an extended period of time and have accurately reflected changes in soil water 
content.  Although a site-specific calibration equation can be determined, the default 
calibration equation within a product’s software is generally used in commercial 
operations. 
Continuous monitoring and near instantaneous recognition of changes in soil-
water dynamics is vital to the success of an automated irrigation management program 
which employs available water depletion levels as irrigation trigger set points.  
Knowledge of threshold depletion levels for stress-free growth at different crop growth 
stages is fundamental to an effective soil-based and tactical irrigation scheduling for 
maximum yield.  Research is needed to quantify these depletion levels for watermelons 
grown in the sandy Coastal Plain soils that occupy many parts of the southeastern USA.  
The MCP’s ability to quickly recognize changes in soil-water dynamics and its near 
continuous monitoring of this soil characteristic lends itself to the use of an irrigation 




 When many MCP’s are used, either in a commercial or research setting, it is 
critically important that the MCP’s demonstrate the ability to accurately report real time 
VMC measurements, via radio transmit this data to appropriate software where 
subsequent statistics are calculated to determine the mean VMC value of the root zone.  If 
statistics indicate the mean root zone VMC value is below the designated AW deficient 
trigger point the equipment should be able to transmit an electronic signal to a receiving 
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automated irrigation control system to begin an irrigation cycle.  A substantial delay in 
performing statistics, recognizing a designated AW deficient trigger point and a 
postponement in subsequent automated irrigation triggering could lead to a greater 
reduction in root zone VMC and undesirable plant stress.  
 As indicated by Fereres et al. (2003) irrigation management is a complex subject 
and good management requires quantitative answers to the following questions:  1) how 
much water to apply, 2) when to apply it, and 3) how to apply it.  A soil moisture-based 
automatic irrigation system employing short irrigation cycles could provide the 
quantitative answers to the above questions.  Likewise as Dukes et al. (2003) found that 
once such a system is operational and verified, daily maintenance is not required.  Such a 
system could greatly minimize the management input by growers.   
 The objectives of this research included the following:  (1) To demonstrate the 
utility of Sentek TriSCAN EasyAg 50 (Sentek Sensor Technologies, Stepney SA, 
Australia) soil water capacitance probe as a tool to determine soil water content for the 
purpose of drip irrigating watermelons according to pre-determined set points; (2) To 
determine appropriate set points in watermelons for automating drip irrigation scheduling 
in sandy Coastal Plains soils; and (3) To determine if the factory calibration of the MCP 
would be suitable for the southeastern Coastal Plains sandy soils. 
 




 This study was conducted at the Clemson University Edisto Research and 
Education Center (EREC) near the town of Blackville in 2008, 2009, and 2010.  EREC is 
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in the southwestern part of South Carolina in Barnwell County and is considered part of 
the southeastern Coastal Plains of the United States.  The field is located at 33⁰ 21’ N 
latitude and 81⁰ 19’ W longitude and 93 m above mean sea level.  The soil in the test 
field in 2008 and 2009 was classified as Barnwell loamy sand having a 2 to 6% slope 
(DaB).  Natural Resources Conservation Service (USDA-NRCS, 2009) soil maps indicate 




) and a permanent 




) for the top 30 cm of soil.  Therefore, the 




).  Soil texture 
determinations showed sand prevailing to a depth of 20 cm, loamy sand and sand at 30 
cm, sandy loam at 40 cm and sandy clay at 50 cm.   
 The soil in the test field in 2010 was classified as Wagram sand.  Natural 









) for the top 30 cm of soil.  Therefore, the AWC 




).  Soil texture analysis showed sand existing to a depth 
of 50 cm.  Each year at multiple probes, an in situ AWC as described by Starr and 
Paltineanu (1998) was determined.  These values were similar to the NRCS AWC values 
and the interpretive values based on soil texture analysis.   
The experimental area each year was 122 m long and 107 m wide.  Winter cover 
crops of Abruzzi rye (Secale cereal) and Crimson clover (Trifolium incarnatum) mix and 
summer cover crops of Sorghum X Sudan cross (Sorghum bicolor) had been grown in the 
experimental area for two years prior to research.  Watermelons (Citrullus lanatus) were 
last planted in the experimental areas three years prior to the present research.  
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Field Soil Bulk Electrical Conductivity 
 
 The soil apparent electrical conductivity (ECa) for experimental fields was 
determined each year.  A commercially available Veris 3100 EC meter (Veris 
Technologies, Salina, KS) was used for mapping the field areas.  The Veris 3100 
measures EC, in milliSiemens per meter (mS/m), by a shallow contact with the soil.  The 
Veris 3100 has pairs of coulter electrodes which introduce an electric current into the 
soil.  Other pairs of coulter electrodes act as sensors and measure the voltage drop.  The 
drop in voltage between transmitter and receivers is correlated to the soil’s ability to 
conduct electricity.  Soil EC technology has shown to be effective in differentiating soil 
types based on texture (Anderson-Cook et al,. 2002).  The experimental plots in each 
year showed relatively uniform EC values.  For the top 30 cm soil layer, the EC values 
(mS/m) for the research fields in each year were delineated into four zones as:  Above 
3.1; 2.3-3.1; 1.6-2.3; and Below 1.6 mS/m.  Research plots in 2008 and 2009 were 
located in soil with an EC value of 2.3-3.1 mS/m.  Research plots in 2010 were 
positioned in soil with an EC value below 1.6 mS/m, signifying a sandier soil than those 




All grafted plants used in the research were seeded and tongue approach grafted 
in a greenhouse at the EREC.  The tongue approach graft is a relatively easy grafting 
method and does not require a high humidity chamber for the healing process.  This 
method originated in the Netherlands (Ishibashi, 1965), and is now widespread across 
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Europe and Japan (Lee and Oda, 2003).  It is easy to use, has a high success rate, and the 
grafted seedlings have a uniform growth rate (Hassell et al, 2008). 
 
Experimental Design and Measurements 
 
 The experimental design was a split plot with irrigation as the main plot factor 
and plant type as the split plot factor (Table 1.4).  The experimental area was divided into 
four sections or replicates, each further divided into three main plots.  The main plots 
were subdivided into three split plots (Figure 1.1).  The plant type treatments were 
randomly assigned to each split plot and replicated four times.  The three plant types 
(Seminis Vegetable Seeds, Oxnard, CA) included in the research were: the triploid 
cultivar ‘Wrigley’ non-grafted; ‘Wrigley’ grafted on the rootstock FR Strong (Lagenaria 
spp); and ‘Wrigley’ grafted on Chilsung Shintoza (Curcubita moschata x Cucurbita 
maxima). 
Experimental plots consisted of two raised bed rows spaced 2.44 m center-to-
center and covered with black plastic mulch.  The width of the raised bed covered by 
plastic mulch was approximately 0.76 m.  The experimental plots were irrigated using 
Aqua-Traxx
R
 drip tape (Toro Ag Irrigation, El Cajon, CA) with an emitter spacing of 
0.30 m.  The drip tape flow rate at 10 psi was 0.30 gph/emitter and 0.50 gpm/30.5 m 
length.  Each split plot contained five plants for yield and fruit quality analysis (spaced 
0.91 m apart (2.23 m
2
/plant).  Also contained in the split plots were plants designated for 
analysis at four, eight and twelve weeks after planting (WAP).  Generous distance was 
established between designated treatment plants to prevent root intrusion from other 
plants.  The four, eight and twelve week treatment plants were respectively 1.8, 2.7 and 
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5.5 m distance from adjoining plants at the time of sampling (Figure 1.1).  Measurements 
on each WAP date included: wet and dry biomass, root length density (RLD), and 




Watermelon plants were planted 23 April, 2008, 15 April, 2009 and 15 April, 
2010.  Production practices followed recommendations outlined in the Southeastern 
Vegetable Crop Handbook (2008-2010).  Watermelons in each of the thirty-six plots 
were harvested four times in 2008 and three times in 2009 and 2010.  Watermelons of 
each treatment were harvested when they were mature (brown tendril near stem, yellow 
color on underside of fruit and a general loss of rind gloss).  Individual fruit were 
weighed separately, and the number of fruit per plot was recorded for all harvest dates.  
A subsample of five fruit from each plot was randomly selected at each harvest 
date except the final harvest.  Each of the selected fruit were cut blossom end to stem 
end.  The °Brix value, a measurement of the dissolved sugar-to-water mass ration of a 
liquid (w/w), of each fruit was determined with a hand held refractometer and an Atago 
PAL-1 Digital Refractometer (QA Supplies, Norfolk, VA).  If hollow heart was observed, 
its severity was measured as the width X length of the internal separation.  The number of 
hard black or brown seeds was counted.  The flesh firmness (kg/cm
2
) was determined 
with a penetrometer (Model FT 011, QA Supplies, Norfolk, VA) and pentrometer tip of 
11 mm diameter.  Firmness readings were taken at the blossom end, stem end and heart 
tissue.  The length and width of the fruit was also recorded.  Yield and fruit quality data 
106 
 
were analyzed with analysis of variance procedures using PROC MIXED and PROC 




Three irrigation treatments were tested for their effects on seasonal soil water 
content and crop growth and development and fruit yield and quality.  Treatment one, a 
check treatment termed “No Irrigation” was minimally irrigated for fertigation purposes 
and early season plant establishment approximately 90 mm each year.  Treatments two 
and three were based on 50% and 15% depletion level of available water capacity (AWC) 
respectively as lower set points (Table 1.4).  All plots received the levels of nutrients via 
fertigation and pre-plant application.  In the top 0.30 m of the Barnwell loamy sand 
(2008, 2009), mean volumetric water content at field capacity (FC) and permanent 
wilting point (PWP) were 17.4 and 6.1%, respectively, with the AWC equal to 11.3%.  
The volumetric water contents at the triggering lower set points for 15% and 50% 
depletion levels were thus 15.6% and 11.7%.  Mean FC in the top 0.30 m of the Wagram 
sand (2010) was determined to be 10.7% and PWP at 4.5%.  The AWC was 6.2%.  The 
set point for 15% AWD was 9.77% AWC and for 50% AWD was 7.6% AWC.    
When a given set point was detected, a short duration irrigation cycle (60 min., 
2008 and 30 min., 2009, 2010) was initiated, followed by an hour of wait period.  If the 
volumetric water content had not exceeded the upper set points after the wait period, then 
another short duration irrigation cycle was initiated.  The upper set point for the 15% 
AWD was selected at a level mid-way between field capacity (17.4%) and irrigation 
trigger set point (15.6%), i.e., at 16.5% VMC  in 2008, 2009.  Upper set point in 2010 for 
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15% AWD was 10.3% VMC.  The goal of having the upper set point for the 15% AWD 
was to maintain VMC close to field capacity without exceeding.  The upper set points for 
50% AWD were 12.5% in 2008, 2009 and 8.3% in 2010.  The goal of having the upper 
set point for the 50% AWD was to maintain VMC at or slightly above 50% VMC.  Once 
the upper set points were reached, the ongoing irrigation cycle was allowed to finish but 
no subsequent irrigation was triggered until lower set points were reached. 
Each whole plot contained a Sentek TriSCAN EasyAg 50 soil water capacitance 
probe which was integrated within an automated drip irrigation system (EarthTec 
Solutions LLC, Vineland, NJ, USA).  The capacitance probes were located adjacent to 
the drip irrigation line between the 30 cm drip tape emitters (Figure 3.1).  Volumetric 
moisture content (VMC) was recorded at 15 min intervals at 10, 20, 30, 40 and 50 cm 
depths and downloaded wirelessly for numerical and graphical analysis (Adviroguard
TM
 
Sofware).  The irrigation controller used the top three probe readings (i.e., 10, 20 and 30 
cm depths) in each of the four whole plots per irrigation treatment to calculate the mean 
water content in the root zone.  Consequently every 15 minutes the value of twelve data 
points determined the root zone VMC.  Readings from the lower depths (40 and 50 cm) 
were used to detect water movement below the 30 cm depth.  A Motorola IRRInet 
Computerized Irrigation Controller (Motorola Inc., Schaumburg, IL, USA) was used to 
automate irrigation.  This system coupled with Virtual Network Computing (VNC) 






Figure 3.1.  Multi-sensor capacitance probe located adjacent to the drip line, between 





Most commercially available soil moisture probes require some level of field 
calibration to ensure the factory calibration is sufficient or if an on-site calibration 
equation is needed.  Two separate field calibration tests were performed on the 
capacitance probes.  The goal was to compare water content determined by EnviroSCAN 
sensors to that determined in the lab.  Lab analysis included gravimetric sampling, in 
conjunction with determination of bulk density, enabling actual volumetric soil water 
content to be derived.  The first calibration was conducted on eight probes in Barnwell 
loamy sand.  The probes were installed 25 April, 2009 and field calibration was 
performed on 31 July, 2009.  To obtain a wide range of soil wetness, three sensors were 
placed in a dry soil, three in moist, and two in wet.  The MCP output frequency changes 
(raw counts) induced by the changes in soil permittivity were recorded six times at each 
Fig. 1.  Capacitance probe located adjacent to the drip 
line that is below the plastic mulch (top), blooms tagged 
on 29 May, 2008 (bottom).
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of the sensor depths during a 10 minute period from each probe during each calibration 
event.   
The second calibration test was conducted in nearby Wagram sand, where five 
probes were installed on 19 August, 2009, and calibration was performed on 8 October, 
2009.  Three probes were maintained in dry soil, one in moist, and two in wet. Rainout 
shelters were maintained over the dry sensors and multiple watering events were applied 
to the location designated as wet soil.  The moist soil area was neither covered nor 
irrigated.   
At each calibration event, direct soil sampling included collecting three soil cores 
(137 cm
3
) centered at each of the 10, 20, 30, 40, and 50 cm depths from around each of 
the probes.  For each core, wet weight was determined immediately in the field, followed 
by dry weight determination after oven drying at 105° C for 48 hours.  Bulk density 
measurements were used to convert gravimetric to volumetric water content for each 
core.  An additional set of cores, three at each depth, were taken during calibration 
procedures for soil texture analysis.  Raw counts obtained from the probes sensors at each 
particular depth level were converted into Scaled Frequencies (SF) according to:  SF = 
(FA - FS)/(FA - FW), where FA, FS, and FW are the capacitance sensor frequencies in air, 
soil and non-saline water, respectively.   
Simple linear regression analyses were performed with the scaled frequencies 
plotted on the Y-axis and the lab determined VMC (%) plotted on the X-axis.  Analyses 
were performed separately on data from Barnwell loamy sand and Wagram sand.  Data 
from 0-30 cm and 30-50 cm depths of each soil type were combined for analysis.  The 
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coefficient of determination (R
2
) was calculated to measure the relationship of the 
prediction equation (y=βo + β1x).  Separate linear regression analyses were performed 
plotting the VMC (%) derived from the factory default calibration on the Y-axis and the 
lab determined VMC (%) on the X-axis.   
 
Shoot Biomass at 4, 8, 12 WAP 
 
 One plant in each plot (Figure 1.1) was harvested for shoot biomass and root core 
measurements at approximately 4, 8, and 12 WAP each year.  Plants were severed at 
ground level, and wet weight was measured in the field.  The 4 WAP and 8 WAP plants 
were placed in paper bags in preparation for oven drying (Figure 1.2).  The larger 12 
WAP were placed in burlap bags in preparation for oven drying (Figure 1.3).  All plants 
were dried in large ovens at EREC.  Because maximum oven temperatures (53o C (127o 
F)) were lower than preferred, drying time was extended and plants were turned daily.  
When plants were observed to be desiccated, representative samples were weighed to 
determine if constant mass had been reached.  The 4 WAP plants were dried for three 
days, 8 WAP for seven days and the 12 WAP for fourteen days.  After drying, the dry 
weight of all plants was determined.  All data were subjected to analysis of variance by 




 An onsite weather station located 25 m from the experimental plots (EarthTec 
Solutions, Vineland, NJ) provided daily air temperature, solar radiation, relative 
humidity, wind speed and direction, and precipitation data.  In addition, a National 
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Oceanic and Atmospheric Administration (NOAA) Climatic Station was located 200 m 
from the experimental area.  Daily reference ET (ETo) was calculated and also posted 
online using the Penman-Monteith reference ETo model (Allen et al., 1998).  Weather 
data recorded from the onsite weather station were used to determine growing degree 
days (GDD).  Watermelon growth is considered to be negligible below the base 
temperature of 55°F (Maynard and Hochmuth, 2007).  Growing degree days were 
calculated as shown in equation 1.1.  
 
GDD = ((Daily Max Temp – Daily Low Temp) / 2) – 55o F  (Eq. 1) 
 
Results and Discussion 
 
Calibration of Capacitance Probes 
 
 The volumetric water content for samples collected during the July 31 calibration 
procedure in Barnwell loamy sand ranged from 11.0 to 33.4%.  Mean bulk density for all 
depths was 1.6 Mg/m
3
, ranging from 1.41 Mg/m
3
 at the 10 cm depth to 1.72 Mg/m
3
 at the 
30 cm depth.  A soil hard pan between the 25 and 30 cm depths explains the high bulk 
density at the 30 cm depth.  The volumetric water content for samples collected during 
the October 8 calibration procedure in Wagram sand ranged from 4.8 to 23.8%.  Mean 
bulk density for all depths was 1.66 Mg/m
3
 and was uniform for all depths with a 
standard deviation of 0.03. 
The immediate interest in the calibration tests was to determine the correlation 
between the actual soil moisture contents based on the direct sampling method and the 
simultaneous probe readings based on the original factory calibration equation.  As 
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shown in Figure 3.2, (B) and (D), the correspondence was good (as implied by near unity 
slopes).  The factory calibration equation showed a slight overestimation of VMC (%) in 
Barnwell loamy sand at both 0-30 and 30-50 cm depths.  The bias was small at both 
depths, < 1% at 0-30 cm and slightly more at 30-50 cm depth.  The factory calibration 
equation showed a slight underestimation of VMC (%) in Wagram sand at both 0-30 and 
30-50 cm depths (Figure 3.3, B and D).  The bias was approximately 1% at both soil 
depths but underestimated VMC (%) tended to be greater at the 30-50 cm depth when lab 
determined VMC (%) was larger.  The VMC (%) data determined by the factory 
calibration equation combined for both soil types at 0-50 cm is presented in Figure 3.4, 
(B).  As shown, there were variations around the 1:1 line, which could be caused by a 
host of factors including but not limited to inherent probe sensitivity, errors in bulk 
density and water content by direct sampling, and possible errors associated with the 
small volume of influence of the probe sensors and the inherent small scale variability of 
soil water content in most field soils (Hignett and Evett, 2008).   
 Our second objective for calibration tests was to develop a site specific 
mathematical equation which would better correlate Scaled Frequency readings to lab 
determined VMC (%).  In the Barnwell loamy sand at both 0-30 and 30-50 cm depths the 
coefficient of determination (R
2
) for Scaled Frequency versus lab VMC (%) was not 
greater than the R
2
 for factory calibrated VMC (%) versus lab VMC (%) (Figure 3.2, A 
and B).  The R
2
 for the Wagram sand site specific calibration at both depths, showed a 






Figure 3.2.  Scaled Frequency (SF) versus lab measured VMC (%) from 0-30 cm depths 
in Barnwell loamy sand (A); Field measured VMC (%) versus lab measured VMC (%) 
from 0-30 cm depths in Barnwell loamy sand (B), dotted line is x=y; Scaled Frequency 
(SF) versus lab measured VMC (%) from 30-50 cm depths in Barnwell loamy sand (C); 
Field measured VMC (%) versus lab measured VMC (%) from 30-50 cm depths in 











Figure 3.3.  Scaled Frequency (SF) versus lab measured VMC (%) from 0-30 cm depths 
in Wagram sand (A); Field measured VMC (%) versus lab measured VMC (%) from 0-
30 cm depths in Wagram sand (B), dotted line is x=y; Scaled Frequency (SF) versus lab 
measured VMC (%) from 30-50 cm depths in Wagram sand (C); Field measured VMC 
(%) versus lab measured VMC (%) from 30-50 cm depths in Wagram sand (D), dotted 











Figure 3.4.  Scaled Frequency (SF) versus lab measured VMC (%) combined data from 
0-50 cm depths in Barnwell loamy sand and Wagram sand (A); Field measured VMC (%) 
versus lab measured VMC (%) combined data from 0-50 cm depths in Barnwell loamy 
sand and Wagram sand (B), dotted line is x=y. 
 
 
and all depths included, the R
2
 for the site specific calibration and that derived from the 
factory calibrated VMC (%) were very similar (Figure 3.4, A and B).  
Based on our calibration results we could not improve the factory default 
calibration mathematical equation to correlate the Scaled frequencies to gravimetric 
VMC (%).  Particularly for field use, in soils similar to those we tested, the factory 
default calibration equation shows to be sufficiently accurate for field irrigation purposes. 
 
Seasonal Soil Water Content 
 
 The seasonal root zone (0-30 cm) VMC (%) was significantly higher in the 15% 
AWD treatment all years except 2008 (Table 3.1) and VMC (%) was also greater in the 




Table 3.1.  Seasonal soil moisture content and standard deviation at 0-30 cm. 
 
 Mean Root Zone VMC % and Std Dev; 0-30 cm 
  2008 2009 2010 
Irrigation Trt. 
Mean 
VMC Std Dev 
Mean 
VMC Std Dev 
Mean 




























Table 3.2.  Seasonal soil moisture content and standard deviation at 30-50 cm. 
 
 Mean VMC % and Std Dev; 30-50 cm 
  2008 2009 2010 
Irrigation Trt. 
Mean 
VMC Std Dev 
Mean 
VMC Std Dev 
Mean 

























 Means in each column followed by different letters are significantly different at 
P < 0.05. 
 
 
compared to irrigation treatments 50% AWD and NI also measured significantly greater 
seasonal VMC (%) when the entire soil profile was analyzed (0-50cm) (Table 3.3).  An 
early season malfunction, May 9 and 10, in the 50% AWD irrigation relay during the 
2008 season resulted in four unspecified irrigation events each day.  The multiple 
irrigations coupled with a significant rain on May 20 yielded an early season spike in soil 
water content for the 50% AWD treatment.  During the fruit swell period (Table 3.4) the 




Table 3.3.  Seasonal soil moisture content and standard deviation at 0-50 cm. 
 
 Mean Root Zone VMC % and Std Dev; 0-50 cm 
  2008 2009 2010 
Irrigation Trt. 
Mean 
VMC Std Dev 
Mean 
VMC Std Dev 
Mean 




























Table 3.4.  Fruit swell period soil moisture content. 
 
 
Mean VMC % at  
0-30 cm 
Mean VMC % at  
30-50 cm 
Mean VMC % at  
0-50 cm 
  YEAR 
Irrigation 
































































 The goal in 2008 and 2009 for the 15% AWD treatment was to maintain the root 
zone between field capacity (17.4%) and 15% available water depletion (15.6%).  As 
indicated in Table 3.1, this was accomplished in 2008 but not in the wet 2009 season.  
Likewise the goal for the 50% AWD treatment was to maintain root zone VMC near 50% 
available water depletion (11.7%).  During 2008 and 2009, the 50% AWD treatment and 
the NI treatment had substantially greater water availability than 11.7% VMC (Table 
3.1).   
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 During the 2010 season, research was conducted in an extremely droughty soil, 
whose field capacity was 10.7% VMC.  The goal of the 15% AWD treatment was 
therefore to maintain VMC (%) between 9.77% and 10.7% in the root zone.  The mean 
season root zone VMC (%) for the 15% AWD treatment was 10.06% in 2010 (Table 3.1).  
The 50% AWD and NI treatments in 2010 both exceeded the 50% available water 
depletion goal of 7.6% VMC (Table 3.1). 
 Substantial rain events in all years contributed greatly to the soil water content as 
shown in Figure 3.5.  The total rain for each year 2008, 2009 and 2010 respectively was, 
211, 498 and 337mm.  
 Of notable importance are the separation of daily VMC (%) for each treatment 
during the critical fruit swell period (Figure 3.5) and the consistency of the daily VMC 
(%) as indicated by the standard deviations of the daily VMC (%) values (Tables 3.1, 3.2, 
and 3.3).  The daily VMC (%) differences between irrigation treatments were greatest 
during the fruit swell period, with the 15% AWD treatment maintaining a higher value.  
The 15% AWD treatment showed considerably less fluctuation in VMC (%) levels in all 
years and at all depths (Tables 3.1, 3.2, and 3.3).  All VMC (%) values were subjected to 




 During 2008 an early season malfunction in the 50% AWD treatment relay 
resulted in multiple unspecified irrigation treatments during a two day period.  The 
notable early season high VMC (%) for this treatment is noted in Figure 3.5a.  During the 







Figure 3.5.  Daily VMC (%) in top 30 cm for each irrigation treatment from first 
irrigation trigger date; (a) 2008, (b) 2009, (c) 2010.  Fruit swell period is from first fruit 
set to first harvest. 
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irrigation cycles for June 5 and 6.  The dramatic downward spike in soil water content 
can be seen in Figure 3.5c.  
 Both irrigation relay malfunctions in 2008 and 2010 were due to severe electrical 
storms.  The irrigation controller and remote programming and data acquisition systems 
employed here coupled with Virtual Networking Computing (VNC) allowed prompt 
remote resolution of both malfunctions. 
 During the 85 day growing season of 2008, the 15% AWD treatment 
automatically triggered 88 times and delivered 134.5 mm water per 5,445 linear feet 
(Table 3.5).  In contrast, the 50% AWD treatment automatically triggered 31 times 
delivering a total of 47.4 mm water per 5,445 linear feet.  The NI treatment was 
programmed to irrigate early in the season for plant establishment and then the rest of the 
season was automated for early morning fertigation only.  These contributed a total of 
118.9 mm water per 5,445 linear feet. 
 The 2009 growing season was 90 days in length, and precipitation was well 
above average at 498 mm:  more than twice the amount received in 2008.  Because of the 
excess rainfall, the 50% AWD treatment did not trigger during the 2009 growing season 
and received the same amount of irrigation via fertigation as the no irrigation treatment, 
or a total of 94 mm water per 5,445 linear feet.  The 15% AWD treatment automatically 
triggered 61 times and delivered 46.6 mm water per 5,445 linear feet.  Because of the 
excess rainfall, irrigation in the 15% AWD in 2009 was half as much as in the 2008 




Table 3.5.  Irrigation Triggers and season water application. 
  
Events Year Irrigation Treatments 
  2008 15% AWD 50% AWD NI 
# Triggers  
88 @ 60 
min/cycle 




 134.46 mm 47.37 mm 0 
Season Total
1 
  297.18 mm 189.0 mm 118.87 mm 
  2009 15% AWD 50% AWD NO IRR 
# Triggers  
61 @ 30 
min/cycle 0 0 
Water by Triggers
1 
 46.6 mm 0 0 
Season Total
1 
  140.46 mm 94.0 mm 94.0 mm 
  2010 15% AWD 50% AWD NO IRR 
# Triggers  
136 @ 30 
min/cycle 




 103.9 mm 22.16 mm 0 
Season Total
1 
  198.12 mm 117.35 mm 91.87 mm 
 




Total irrigation per 5,445 linear feet. 
 
 
 The 2010 growing season was 82 days in length, and precipitation was near 
normal at 337 mm.  The 15% AWD treatment automatically triggered 136 times and 
delivered 103.9 mm water per 5,445 linear feet.  The 50% AWD treatment automatically 
triggered 29 times delivering 22.16 mm water per 5,445 linear feet.  The NI treatment 
received a season total of 91.87 mm water per 5,445 linear feet.   
 During the first year of research, 2008, the irrigation cycle time was 60 minutes.  
In 2009 and 2010, the irrigation cycle time was shortened to 30 minutes.  We chose a 
longer irrigation cycle time in 2008 because we were unsure of how quickly the MCP’s 
could record and download the VMC’s at 15 minute intervals, perform the statistics and 
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deliver a trigger response if appropriate.  If the system could not deliver water on demand 
we wanted to potentially lengthen the time between demands.  This proved not to be a 
problem and we consequently shortened the cycle time to 30 minutes in 2009 and 2010.   
 A total of 345 irrigation cycles were triggered during the three years of research 
(Table 3.5).  The time delay from trigger point to upward movement in the soil VMC (%) 
was as short as 30 minutes and never longer than 60 minutes.  During the short delay, soil 




 Short but frequent irrigation cycles were intended to reduce the leaching below 
the root zone, defined as soil depth > 30 cm.  Soil water content at the 40–50 cm level 
was generally lower when soil moisture derived primarily from irrigation.  Large 
increases in VMC (%) below the root zone were due to the rain events (Figures 3.5 and 
3.6).  The 40 – 50 cm VMC levels in the sandy soils of 2010 remain relatively flat except 
toward the end of the season when several significant rains occurred (Figure 3.6 c).   
 Changes in the water content below the root zone can be attributed to water 
redistribution into this depth from the soil profile above it.  A first approximation of 
water loss below the root zone can be measured as any net increase in water content 
immediately below the root zone depth (Fares and Alva, 2000).  The 15% AWD 
treatment had the most irrigation water applied each year (Table 3.5) and the greatest 
potential for drainage below the root zone.  Drainage, rain and irrigation for years 2008, 
2009 and 2010 respectively are shown in Figures 3.7, 3.8, and 3.9 for the 15% AWD 
treatment.  The data for 50% AWD and NI treatment drainage is not included.   
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Table 3.6.  Summary of drainage, rain, irrigation and ETo during irrigation automation 
period for 15% depletion irrigation treatment.  
1








VMC         
0-30 
cm  
FC             
0-30 
cm 






Rain          
(mm) 





2008 17-May 16-Jul 61 16.31 17.4 326.17 203.81 133.17 22.90 -1.65 
2009 29-May 13-Jul 46 19.16 17.4 244.07 71.69 139.24 20.97 -5.75 







Figure 3.6.  Daily mean VMC from 40 to 50 cm for each irrigation treatment from first 





Figure 3.7.  Daily water drainage below the root zone of 15% AW depletion irrigation 
treatment (A), daily rain (B) and daily irrigation (C) during 2008.  Negative drainage 
values indicate a daily decrease in water content in the 40-50 cm depth while positive 

















Figure 3.8.  Daily water drainage below the root zone of 15% AW depletion irrigation 
treatment (A), daily rain (B) and daily irrigation (C) during 2009.  Negative drainage 
values indicate a daily decrease in water content in the 40-50 cm depth while positive 















Figure 3.9.  Daily water drainage below the root zone of 15% AW depletion irrigation 
treatment (A), daily rain (B) and daily irrigation (C) during 2010.  Negative drainage 
values indicate a daily decrease in water content in the 40-50 cm depth while positive 
values indicate an increase.   
 
 
Significance of Irrigation Set Points 
 
 Shoot dry weight (SW) was determined at 29, 56, and 83 days after planting 
(DAP) for each irrigation treatment in 2008.  There were no significant differences at 29 
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DAP.  At both 56 DAP and 83 DAP, in 2008, the 15% AWD treatment showed a 
significantly greater SW than the other treatments (P = 0.0113 and 0.009 respectively) 
(Table 1.9).  There was no significant difference in SW between 50% AWD and NI.  In 
2009 SW was determined at 48, 56 and 83 DAP.  There were no significant differences in 
SW at 48 DAP or 56 DAP.  The 15% AWD treatment compared to other treatments 
showed a greater SW at 83 DAP (P = 0.0689).  There was no significant difference in SW 
between 50 % AWD and NI.  Shoot dry weight was determined at 30, 57 and 83 DAP in 
2010.  In 2010 a significant difference in SW was measured at 57 DAP.  Both the 15% 
AWD and 50% AWD treatments showed a greater SW than the NI treatment (P = 
0.0073) (Table 1.9).  When sampling dates were pooled by year, irrigation had a 
significant effect on SW only in 2008 where the 15% AWD treatment had a significantly 
greater SW than the other treatments (Table 1.10, Figure 1.5).     
There were no significant differences among irrigation treatments for brix, hollow 
heart and black seed in any year (data not shown).  The mean fruit size in 2008 was 
greatest for the 15% AWD and 50% AWD treatments (P < .0001) (Table 3.7).  No 
significant differences in mean fruit size were noted in 2009 or 2010.   
There were significant differences in the total fruit weight in all years but 2009.  
The excess rainfall during the 2009 season removed irrigation treatment effects.  The 
15% AWD treatment showed the greatest yield (P = <.0001) in years 2008 and 2010 
(Table 3.7).  There was a significant difference in yields between 50% AWD and NI in 




Table 3.7.  Fruit yield (kg/ha), fruit size (kg/fruit), number fruit (fruit/ha), total soluble 
solids (TSS%), flesh firmness  (kg/cm²), fruit length (cm) and fruit width (cm) of 

































































































































































 Two depletion level set points, 15% AWD and 50% AWD were applied to trigger 
short duration drip irrigation cycles for watermelons grown in Barnwell loamy sand in 
2008 and 2009 and Wagram sand in 2010.  Multi-sensor capacitance probes (MCP) 
provided real-time soil volumetric moisture (VMC) content at 10 cm increment depths 
down to 50 cm.  MCP’s coupled with Earthtec Solutions, LLC Adviroguard 
TM
 software 
triggered irrigation cycles when the root zone (0-30 cm) mean VMC (%) reached the 
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trigger set point.  The research was conducted for three years with different soil types and 
notably different amounts of rainfall.   
 The standard deviation of the root zone VMC was significantly less under the 
15% AWD treatment in all years including the very wet 2009 season.  This stability 
would be expected with a more constant VMC (%) exhibiting less fluctuation due to rain 
events.  Yield data showed a significant increase with the 15% AWD treatment in 2008 
and 2010 but not the very wet 2009.   
 The short but frequent irrigation cycles of 60 minutes in 2008 and 30 minutes in 
2009 and 2010 reduced water movement below the root zone as indicated by a gradual 
season reduction in the VMC at the 40–50 cm soil depth.  This is most notable during the 
fruit swell period when irrigation demand was high and rainfall events were reduced.   
 During the three years of research the equipment employed automatically, based 
on mean root zone VMC (%), triggered a combined 345 irrigation events for both 15% 
AWD and 50% AWD treatments.  The equipment and software employed in this research 
was able to measure real time soil volumetric moisture content and trigger on demand 
daily multiple short irrigation cycles.   
 The multi-sensor capacitance probes with factory calibration were found to be 
sufficiently accurate for irrigation scheduling purposes in typical Coastal Plains soils 
found in South Carolina.  Although costly, use of capacitance probes for automating drip 
irrigation in high value vegetable crops could be economically feasible.  Future work 
needs to substantiate set points for other vegetable crops, evaluate the performance of 
capacitance probes in other soil types and farm settings and research the potential of 
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